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PREFACE TO THE TENTH EDITION 


The changes in the present edition are as follows: 

1. An index has been added. Hardy held begun a revision of 
an index compiled by Professor S. Mitchell; this has been com- 
pleted, as far as possible on Hardy’s hues, by Dr T. M. Flett. 

2. The original proof of the Heine-Borel Theorem (pp. 197- 
199) has been replaced by two alternative proofs due to Professor 
A. S. Besicovitch. 

3. The ‘Implicit Function Theorem’ (p. 203) has now a 
revised statement and proof due to Professor A. S. Besicovitch. 

4. Example 24, p. 394 has been added to. 

August, 1960 J. E. LITTLEWOOD 

PREFACE TO THE SEVENTH EDITION 

The changes in this edition are more important than in any 
since the second. The book has been reset, and this has given 
me the opportunity of altering it freely. 

I have cancelled what was Appendix 11 (on the ‘0, o, ’ 
notation), and incorporated its contents in the appropriate 
places in the text. I have rewritten the parts of Chs. VI and VII 
which deal with the elementary properties of differential 
coefiBcients. Here I have found de la Vall6e-Poussin’s Gours 
d' analyse the best guide, and I am sure that this part of the 
book is much improved. These important changes have naturally 
involved many minor emendations. 

I have inserted a large number of new examples from the 
papers for the Mathematical Tripos during the last twenty years, 
which should be useful to Cambridge students. These were 
coUectod for me by Mr E. R. Love, who has also read all the 
proofs and corrected many errors. 



VI 


PREFACE 


The general plan of the book is unchanged. I have often felt 
tempted, re-reading it in detail for the first time for twenty 
years, to make much more drastic changes both in substance 
and in style. It was written when analysis was neglected in 
Cambridge, and with an emphasis and enthusiasm which seem 
rather ridiculous now. K I were to rewrite it now I should not 
write (to use Prof. Littlewood’s simile) like ‘a missionary talking 
to cannibals’, but with decent terseness and restraint; and, 
writing more shortly, I should be able to include a great deal 
more. The book would then be much more like a Traiti d' analyse 
of the standard pattern. 

It is perhaps fortunate that I have no time for such an 
undertaking, since I should probably end by writing a much 
better but much less individual book, and one less useful as an 
introduction to the books on analysis of which, even in England, 
there is now no lack. 

November, 1937 * G. H. H. 

EXTRACT FROM THE PREFACE 
TO THE FIRST EDITION 

This book has been designed primarily for the use of first year 
students at the Universities whose abilities reach or approach 
something like what is usually described as ‘ scholarship standard ’ . 
I hope that it may be useful to other classes of readers, but it is 
this class whose wants I have considered first. It is in any case 
a book for mathematicians : I have nowhere made any attempt 
to meet the needs of students of engineering or indeed any class 
of students whose interests are not primarily mathematical. 

I regard the book as being really elementary. There are plenty 
of hard examples (mainly at the ends of the chapters) ; to these I 
have added, wherever space permitted, an outline of the solution. 
But I have done my best to avoid the inclusion of anything that 
involves really difficult ideas. 

September, 1908 


G. H. H. 
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CHAPTER I 


REAL VARIABLES 

1. Rational numbers. A fraction r = piq, where p and q 
are positive or negative integers, is called a rational number. We 
can suppose (i) that p and q have no common factor, since if they 
have a common factor we can divide each of them by it, and 
(ii) that q is positive, since 

pl(-q) = (-p)liy {-p)K- 9) = pl9- 

To the rational numbers thus defined we may add the ‘rational 
number 0 ’ obtained by taking p = 0. 

We assume that the reader is familiar with the ordinary 
arithmetical rules for the manipulation of rational numbers. The 
examples which follow demand no knowledge beyond this. 

Examples I. 1. If r and a are rational numbers, then r + a, r — 
and rja are rational numbers, unless in the last case 8 = 0 (when r/a is of 
course meaningless). 

2. If A, m, and n are positive rational numbers, and m>n, then 
A(ni* — n*), 2Amn, and A(m*-f n*) are positive rational numbers. Hence 
show how to determine any number of right-angled triangles the lengths 
of all of whose sides are rational. 

3. Any terminated decimal represents a rational number whose de- 
nominator contains no factors other than 2 or 6. Conversely, any such 
rational number can be expressed, and in one way only, as a terminated 
decimal, 

[The general theory of decimals will be considered in Ch. IV.] 

4. The positive rational numbers may be arranged in the form of a 
simple series os follows: 



Show thatp/g is the [l(p + g— 1) (p + g— 2)-|-g]th term of the series. 

[In this series every rational number is repeated indefinitely. Thus 1 
occurs as } , i , 8 , .... We can of course avoid this by omitting every number 
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which has alretwly occurred in a simpler form, but then the problem of 
determining the precise position of p/q becomes more complicated.] 


2. The representation of rational numbers by points 
on a line. It is convenient, in many branches of mathematical 
analysis, to make a good deal of use of geometrical illustrations. 

The use of geometrical illustrations in thiB way does not, of 
course, imply that analysis has any sort of dependence upon 
geometry: they are illustrations and nothing more, and are em- 
ployed merely for the sake of clearness of exposition. This being 
so, it is not necessary that we should attempt any logical analysis 
of the ordinary notions of elementary geometry; we may be 
content to suppose, however far it may be from the truth, that 
we know what they mean. 

Assuiping, then, that we know what is meant by a straight line, 
a segment of a line, and the length of a segment, let us take a 
straight line A, produced indefinitely in both directions, and a 
segment of any length. We call Aq the origin, or the point 0, 
and A^the point 1, and we regard these points as representing 
the numbers 0 and 1. 

In order to obtain a point which shall represent a positive 
rational number r = pjq, we choose the point A^ such that 
AoAJAoAi = r, 

AqA,. being a stretch of the line extending in the same direction 
along the line as a direction which we shall suppose to be 

from left to right when, as in Fig. 1, the line is drawn horizontally 
across the paper. In order to obtain a point to represent a 



Fig. 1 

negative rational number r = — a, it is natural to regard length as 
a magnitude capable of sign, positive if the length is measured in 
one direction (that of AqAj^), and negative if measured in the 
other, so that AB = — BA ; and to take as the point representing 
r the point A_g such that 

= — A_gAQ = ^ AqA^, 
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We thus obtain a point A^, on the line corresponding to every 
rational value of r, positive or negative, and such that 
AqA^ = r,AoAi; 

and if, as is natural, we take AqA^ as our unit of length, and write 
AqA^ = 1, then we have 

AqA^ = r. 

We shall call the points A^ the rational points of the line. 

3. Irrational numbers. If the reader will mark off on the 
line aU the points corresponding to the rational numbers whose 
denominators are 1, 2, 3, ... in succession, he will readily convince 
himself that he can cover the line with rational points as closely 
as he likes. We can state this more precisely as follows: if we take 
any segment BC on we can find as many raticmal points as we 
please on BC. 

Suppose, for example, that BC falls within the segment A^A^. 
It is evident that if we choose a positive integer h so that 

k,BC>\ (I)*, 

and divide A^A^ into k equal parts, then at least one of the points 
of division (say P) must fall inside BCy without coinciding with 
either B or C. For if this were not BOy BC would be entirely in- 
cluded in one of the k parts into which A 1 A 2 has been divided, 
which contradicts the supposition (1). But P obviously corre- 
sponds to a rational number whose denominator is k. Thus at 
least one rational point P lies between B and C. But then we can 
find another such point Q between B and P, another between 
B and Qy and so on indefinitely; i.e., as we asserted above, we can 
find as many as we please. We may express this by saying that 
BC includes infinitely many rational points. 

The meaning of such phrases as * infinitely many' or ‘on infinity of*, in 
such sentences as " BC includes infinitely many rational points’ or ‘there 
are an infinity of rational points on BC ’ or ‘ there are an infinity of positive 
integers’, will be considered more closely in Ch. IV. The assertion ‘there 
are an infinity of positive integers* means ‘given any positive integer n, 

* The aflsumpfcion that this is possible is equivalent to the assumption of what is 
known as the axiom of Archimedes. 

i-a 
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however large, we can find more than n positive integers \ This is plainly 
true whatever n may be, e.g. for n = 100,000 or 100,000,000. The assertion 
means exactly the same as ‘ we can find as many positive integers as we 
please'. 

The reader will easily convince himself of the truth of the following 
assertion, which is substantially equivalent to what was proved in the 
second paragraph of this section: given any rational number r, and any 
jwsitive integer n, we can find euiother rational number lying on either 
side of r and differing from r by less than 1 jn. It is merely to express this 
differently to say that we can find a rational number lying on either side 
of r and differing from r hy as little as we please. Again, given any two 
rational numbers r and s, we can interpolate between them a chain 
of rational numbers in which any two consecutive terms differ by as 
tittle as we please, that is to say by less than 1/n, where n is any positive 
Integer assigned beforehand. 

From these considerations the reader might be tempted to 
infer that an adequate view of the nature of the line could be 
obtained by imagining it to be formed simply by the rational 
points which lie on it. And it is certainly the case that if we 
imagine the line to be made up solely of the rational points, and 
all other points (if there are any such) to be eliminated, the figure 
which remained would possess most of the properties which 
common sense attributes to the straight line, and would, to put 
the matter roughly, look and behave very much like a line. 

A little further consideration, however, shows that this view 
would involve us in serious difficulties. 

Let us look at the matter for a moment with the eye of common 
sense, and consider some of the properties which we may reason- 
ably expect a straight line to possess if it is to satisfy the idea 
which we have formed of it in elementary geometry. 

The straight line must be composed of points, and any segment 
of it by all the points which lie between its end points. With any 
such segment must be associated a certain entity called its lengthy 
which must be a quantity capable of numerical measurement in 
terms of any standard or unit length, and these lengths must 
be capable of combination with one another, according to the 
ordinary rules of algebra, by means of addition or multiplication. 
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Again, it must be possible to construct a line whose length is the 
sum or product of any two given lengths. If the length PQ, along 
a given line, is a, and the length QR, along the same straight line, 
is 6, the length PR must be a + 6. Moreover, if the lengths OP, OQ, 
along one straight line, are 1 and a, and the length OR along 
another straight line is 6, and if we determine the length OS by 
Euclid’s construction (Euc. vi. 12) for a fourth proportional to 
the lines OP, OQ, OR, this length must be ab, the algebraical 
fourth proportional to 1, a, b. And it is hardly necessary to remark 
that the sums and products thus defined must obey the ordinary 
'laws of algebra’; viz. 

a + 6 = 6 + a, a + (6 + c) = (a + 6) + c, 
ab = ba, a(bc) = (ab)c, a(6 + c) = ab-\-ac. 

The lengths of our lines must also obey a number of obvious laws 
concerning inequalities as well as equalities: thus if A, B, C are 
tliree points lying along A from left to right, we must have 
AB<AC, and so on. Moreover it must be possible, on our funda- 
mental line A, to find a point P such that AqP is equal to any 
segment whatever taken along A or along any other straight line. 
All these properties of a line, and more, are involved in the 
presuppositions of our elementary geometry. 

Now it is very easy to see that the idea of a straight line as 
composed of a series of points, each corresponding to a rational 
number, cannot possibly satisfy all these requirements. There 



are various elementary geometrical constructions, for example, 
which purport to construct a length x such that = 2. For 
instance, we may construct an isosceles right-angled triangle 
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^ABG such that AB = ^4(7= 1. Then if BG «= «,«**= 2. Or we 
may determine the length x by means of Euclid’s construction 
(Euc. VI. 13) for a mean proportional to 1 and 2, as indicated in 
the figure. Our requirements therefore involve the existence of a 
length measured by a number x, and a point P on A, such that 

AqP = X, = 2 . 

But it is easy to see that there is no rational number such that its 
square w 2. In fact we may go further and say that there is no 
rational number whose square is m/n, where mjn is any positive 
fraction in its lowest terms, unless m and n are both perfect 
squares. 

For suppose, if possible, that 

= mjn, 

p having no factor in common with q, and m no factor in common 
with n. Then np^ = mq^. Every factor of q^ must divide np^ and, 
as p and q have no common factor, every factor of q^ must divide 
n. Hence n = Xq^, where A is an integer. But this involves 
m = Xp^\ and, as m and n have no common factor, A must be 
unity. Thus m = p^, n = q^, as was to be proved. In particular it 
follows, by taking n = 1, that an integer cannot be the square 
of a rational number, unless that rational number is itself integral. 

It appears then that our requirements involve the existence of 
a number x and a point P, not one of the rational points already 
constructed, such that AqP = x, x^ = 2; and (as the reader will 
remember from elementary algebra) we write x = ^2. 

The following alternative proof that no rational number can have its 
square equal to 2 is interesting. 

Suppose, if possible, that pjq is a positive fraction, in its lowest terms, 
such that {piq)* = 2 or p* = 2g*. It is easy to see that this involves 
{2q — p)* = 2{p — q)^; and so {2q — p)l(p — q) is another fraction having the 
same property. But clearly q<p<2q, and so p — q<q. Honce there is 
another fraction equal to pfq and having a smaller denominator, which 
contradicts the assumption that p/g' is in its lowest terms. 

Examples II. 1. Show that no rational number can have its cube 
equal to 2. 
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2. Prova generally that a rational fraction p/g in its lowest terms oannot 
be the cube of a rational number unless p and q are both perfect cubes. 

3. A more general proposition, which is due to Gauss and includes 
those which precede as particular cases, is the following: an algebraical 

x«+PiX"-»+p,x"-« + ...+p„ = 0, 

with integral coeffidenta^ oannot have a rational hut non-integral root, 

[For suppose that the equation has a root a/6, where a and 6 are integers 
without a common factor, and 6 is positive. Writing ajh for x, and multi- 
plying by 6"“^, we obtain 
a" 

-— = ••• 

0 

a fraction in its lowest terms equal to an integer, which is absurd. Thus 
6=1, and the root is a. It is evident that a must be a divisor of p^. More 
generally, if a/6 is a root of p^x^ +p^x^~^ + then a is a divisor 
of Pn and 6 of p ^ .] 

4. Show that if = 1 and neither of 

1 +Pi 4 -P 2 +i^s+ 1 — P1+P2--P8 + 
is zero, then the equation cannot have a rational root. 

6. Find the rational roots (if any) of 

a; 4 _ 42 ^_g^a_^ 133.^10 = 0 . 

[The roots can only be integral, and so ±1, ±2, ±5, ±10 are the only 
possibilities: whether these are roots can be determined by trial.] 

4. Irrational numbers {continued). The result of our 
geometrical representation of the rational numbers is therefore to 
suggest the desirability of enlarging our conception of ‘number ' 
by the introduction of further numbers of a new kind. 

The same conclusion might have been reached without the use 
of geometrical language. One of the central problems of algebra 
is that of the solution of equations, such as 

= 1 , = 2 . 

The first equation has the two rational roots 1 and — 1. But, if 
our conception of number is to be limited to the rational numbers, 
we can only say that the second equation has no roots; and the 
same is the case with such equations as a:* = 2, = 7. These 

facts ore plainly sufficient to make some generalisation of our 
idea of number desirable, if it should prove to be possible. 
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Let US consider more closely the equation = 2. 

We have already seen that there is no rational number x which 
satisfies this equation. The square of any rational number is 
either less than or greater than 2. We can therefore divide the 
positive rational numbers (to which for the present we confine our 
attention) into two classes, one containing the numbers whose 
squares are less than 2, and the other those whose squares are 
greater than 2. We shall call these two classes the class L, or the 
lower class, or the left-hand class, and the class R, or the upper class, 
or the right-hand class. It is obvious that every member of is 
greater than all the members of L. Moreover it is easy to convince 
ourselves that we can find a member of the class L whose square, 
though less than 2, differs from 2 by as little as we please, and a 
member of R whose square, though greater than 2, also differs 
from 2 by as little as we please. In fact, if we carry out the 
ordinary arithmetical process for the extraction of the square 
root of 2, we obtain a series of rational numbers, viz. 

1, 1-4, 1-41, 1-414, 1-4142, ... 

whose squares 

1, 1-96, 1-9881, 1-999396, 1-99996164, ... 

are all less than 2, but approach nearer and nearer to it; and by 
taking a sufficient number of the figures given by the process we 
can obtain as close an approximation as we want. And if we 
increase the last figure, in each of the approximations given above, 
by unity, we obtain a series of rational numbers 

2, 1-5, 1-42, 1-415, 1-4143, ... 

whose squares 

4, 2-25, 2-0164, 2-002225, 2-00024449, ... 

are all greater than 2 but approximate to 2 as closely as we please. 

The reasoning which precedes, although it will probably convince the 
reader, is hardly of the precise character required by modem mathematics. 
We can supply a formal proof as follows. In the first place, we can find 
a member of L and a member of i?, differing by as little eis we please. For 
we saw in § 3 that, given any two rational numbers o and 6, we can con- 
struct a chain of rational numbers, of which a and h are the first and last, 
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and in which any two consecutive numbars differ by as little as we please. 
Let us then take a member x of L and a member y of E, and interpolate 
between them a chain of rational numbers of which x is the first and y the 
last, and in which any two consecutive numbers differ by less than 
S being any positive rational number as small as w© please, such os *01 or 
•0001 or *000001. In this chain there must be a last which belongs to L emd 
a first which belongs to R, and these two numbers differ by less them S, 

We can now prove that an x can he found in L and a y in R euch that 
2 — and i/* — 2 are as small as we please^ say less than Substituting 
for S in the argument which precedes, w© se© that w© can choose x and y so 
that y — x<iS; and we may plainly suppose that both x and y are less 
than 2. Thus 

t/ + ic<4, y^-x^ = {y-x){y + x)<4{y-x)<S; 

and since x* < 2 and y* > 2 it follows a fortiori that 2 — x* and y* — 2 are each 
less than S, 

It follows also that there can be no largest member of Lor smallest 
member of R, For if x is any member of L, then < 2. Suppose 
that x^ = 2 — S, Then we can find a member x^ of L such that x] 
differs from 2 by less than S, and so x\ > x^ or x^ > x. Thus there are 
larger members of L than x\ and, since x is any member of L, it 
follows that no member of L can be larger than all the rest. 
Hence L has no largest member, and similarly R has no smallest. 

5. Irrational numbers {continued). We have thus divided 
the positive rational numbers into two classes, L and R, such that 
(i) every member of i? is greater than every member of L, (ii) we 
can find a member of L and a member of R whose difference is as 
small as we please, (iii) L has no greatest and R no least member. 
Our common-sense notion of the attributes of a straight line, the 
requirements of our elementary geometry and our elementary 
algebra, alike demand the existence of a number x greater than all 
the members of L and less than all the members of R, and of a corre- 
sponding point P on A such that P divides the points which corre- 
spond to members of Lfrom those which correspond to members of R. 

Let us suppose for a moment that there is such a number x, 
and that it may be operated upon in accordance with the laws of 
algebra, so that, for example, has a definite meaning. Then x^ 
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cannot be either less than or greater than 2. For suppose, for 
example, that is less than 2. Then it follows from what precedes 
that we can find a positive rational number g such that lies 
between and 2. That is to say, we can find a member of L 
greater than x \ and this contradicts the supposition that x divides 
the members of L from those of i2. Thus cannot be less than 2, 
and similarly it cannot be greater than 2. We are therefore driven 
to the conclusion that = 2, and that x is the number which in 
algebra we denote by ^2. And this number ^2 is not rational, 
for no rational number has its square equal to 2. It is the 
simplest example of what is called an irrational number. 
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But the preceding argument may be applied to equations 
other than x^ = 2, almost word for word; for example to = N, 
where N is any integer which is not a perfect square, or to 
= 3, = 7, x^ = 23, 

or, as we shall see later on, to = 3x + 8. We are thus led to 
believe in the existence of irrational numbers x and points P on 
A such that x satisfies equations such as these, even when these 
lengths cannot (as ^2 can) be constructed by means of elementary 
geometrical methods. 

The reader will no doubt remember that in treatises on elementary 
algebra the root of such an equation aax^ = n is denoted by or n^’^, and 
that a meaning is attached to such symbols as 

by means of the equations 

= 1 . 



BSAL VARIABLES 


6 , 6 ] 


11 


And he will remember how, in virtue of these definitions, the ‘laws of 
indices’ such as _ „r+»^ 

are extended so as to cover the case in which r and a are any rational 
numbers. 


The reader may now follow one or other of two alternative 
courses. He may, if he pleases, be content to assume that 
‘irrational numbers* such as ^J2, ^3, ... exist and are amenable to 
the algebraical laws with which he is familiar*. If he does this 
he will be able to avoid the more abstract discussions of the next 
few sections, and may pass on at once to §§ 13 et seq. 

If, on the other hand, he is not disposed to adopt so naive an 
attitude, he will be well advised to pay careful attention to the 
sections which follow, in which these questions receive fuller 
consideration. 


Examples III. 1. Find the difference between 2 and the squares of 
the decimals given in § 4 as approximations to ^2. 

2. Find the differences between 2 and the squares of 

1 » i » k» \i* ti* 

3. Show that if m/n is a good approximation to ^2, then (m + 2n) /(m + n) 
is a better one, and that the errors in the two cetses are in opposite direc- 
tions. Apply this result to continue the series of approximations in the 
preceding example. 

4. If X and y are approximations to -^2, by defect and by excess respec- 
tively, and 2 — x^<d,y^ — 2<S, then y — x<d. 

5. The equation x® = 4 is satisfied by x = 2. Examine how far the 
argument of the preceding sections applies to this equation (writing 4 for 
2 tliroughout). [If we define the classes L, R os before, they do not include 
ail rational numbers. The rational number 2 is an exception, since 2* is 
neither less than nor greater than 4.] 


6. Irrational numbers {continued). In § 4 we discussed 
a special mode of division of the positive rational numbers x into 
two classes, such that x'^<2 for the members of one class and 
x* > 2 for those of the other. Such a mode of division is called a 
section of the numbers in question. It is plain that we could 

* This U the point of view which was adopted in the first edition of this book. 
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equally well construct a section in which the numbers of the two 
classes were characterised by the inequalities x^< 2 and a^> 2, 
or x^< 7 and x*> 7. Let us now attempt to state the principles 
of the construction of such sections of the positive rational 
numbers in quite general terms. 

Suppose that P and Q stand for two properties which are 
mutually exclusive and one of which must be possessed by every 
positive rational number. Further, suppose that every such 
number which possesses P is less than any such number which 
possesses Q. Thus P might be the property and Q the 

property 'x^>2 \ Then we call the numbers which possess P the 
lower or left-hand class L and those which possess Q the upper or 
right-hand class R. In general both classes will exist; but it may 
happen in special cases that one does not, every number belonging 
to the other. This would obviously happen, for example, if P 
(or Q) were the property of being rational, or of being positive. 
For the present, however, we shall confine ourselves to cases in 
which both classes exist; and then it follows, as in §4, that we 
can find a member of L and a member of R whose difference is as 
small as we please. 

In the particular case which we considered in § 4, L had no 
greatest member and R no least; but one or other of the classes 
may have a greatest or least member, and it is important to 
distinguish the different possibilities. It is not possible that L 
should have a greatest member and R a least. For if Z were the 
greatest member of L, and r the least of R, so that Z < r, then 
i(Z-fr) would be a positive rational number lying between Z and 
r, and so could belong neither to L nor to R\ and this contradicts 
our assumption that every such number belongs to one class or to 
the other. This being so, there are but three possibilities, which 
are mutually exclusive. Either (i) L has a greatest member Z, or 
(ii) R has a least member r, or (iii) L has no greatest member and 
R no least. 

The section of § 4 gives an example of the last possibility. An example 
of the first is obtained by taking P to be ‘a;* ^ 1 * and © to be ‘x* > 1 here 
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Z = 1. If P is ‘x* < 1 ’ and 0 is ‘x* ^ 1 \ we have an example of the second 
possibility, with r = 1. It should be observed that we do not obtain a 
section at all by taking P to be ‘x* < P and Q to be ‘ x* > 1 *; for the special 
number 1 escapes classification (cf. Ex. iii. 5). 

7. Irrational numbers {continued). In the first two cases 

we say that the section corresponds to a positive rational number a, 

which is Z in the one case and r in the other. Conversely, it is 

clear that to any such number a corresponds a section which 

we shall denote by a*. For we might take P and Q to be the 

properties expressed by 
^ ^ ^ x>a 

respectively, or by a: < a and x'^a. In the first case a would be 
the greatest member of L, and in the second case the least member 
of R. There are in fact just two sections corresponding to any 
positive rational number. In order to avoid ambiguity we select 
one of them; let us select that in which the number itself belongs 
to the upper class. In other words, let us agree that we will con- 
sider only sections in which the lower class L has no greatest 
number. 

There being this correspondence between the positive rational 
numbers and the sections defined by means of them, it would be 
perfectly legitimate, for mathematical purposes, to replace the 
numbers by the sections, and to regard the symbols which occur 
in our formulae as standing for the sections instead of for the 
numbers. Thus, for example, a>a' would mean the same as 
a > a', if a and a' are the sections which correspond to a and a'. 

But when we have in this way substituted sections of rational 
numbers for the rational numbers themselves, we are almost 
forced to a generalisation of our number system. For there are 
sections (such as that of §4) which do not correspond to any 
rational number. The aggregate of sections is a larger aggregate 
than that of the positive rational numbers; it includes sections 
corresponding to all these numbers, and more besides. It is this 
fact which we make the basis of our generalisation of the idea of 

• It will b© convenient to denote a section, corresponding to a rational number 
denoted by an English letter, by the corresponding Greek letter. 



14 


BBAL VARIABLES 


[I 

number. We accordingly frame the following definitions, which 
will however be modified in the next section, and must therefore 
be regarded as temporary and provisional. 

A section of the positive rational numbers, in which both classes 
exist and the lower class has no greatest member, is called a positive 
real number. 

A positive real number which does not correspond to a positive 
rational number is called a positive irrational number, 

8. Real numbers. We have confined ourselves so far to 
certain sections of the positive rational numbers, which we have 
agreed provisionally to call ‘positive real numbers’. Before we 
frame our 'final definitions, we must alter our point of view a 
httle. We shall consider sections, or divisions into two classes, 
not merely of the positive rational numbers, but of all rational 
numbers, including zero. We may then repeat aU that we have 
said about sections of the positive rational numbers in §§6, 7, 
merely omitting the word positive occasionally. 

Definitions. A section of the rational numbers, in which both 
classes exist and the lower class has no greatest member, is called a 

real number, or simply a number. 

A real number which does not correspond to a rational number 
is called an irrational number. 

If the real number does correspond to a rational number, we 
shall use the term ‘rational’ as applying to the real number also. 

The term ‘rational number* will, as a result of our definitions, be 
ambiguous ; it may mean the rational number of § 1 , or the corresponding 
real number. If we say that i > ^, we may be asserting either of two 
different propositions, one a proposition of elementary arithmetic, the 
other a proposition concerning sections of the rational numbers. Am- 
biguities of this kind are common in mathematics, and are perfectly 
harmless, since the relations between different propositions are exactly 
the same whichever interpretation is attached to the propositions them- 
selves. From J > J and J > i we can infer i > i ; the inference is in no way 
sdfected by any doubt whether J, i, and J aje arithmetical fractions 
or real numbers. Sometimes, of course, the context in which (e.g.) 
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occurs is sufficient to fix its interpretation. When we say (see §9) that 
i we must mean by ‘ J * the real number J. 

The reader should observe, moreover, that no particular logical im- 
portance is to be attached to the precise form of definition of a ‘real 
number * that we have adopted. We defined a ‘ real number ’ as being a 
section, i.e. a pair of classes. We might equally well have defined it as 
being the lower, or the upper, class; indeed it would be easy to define an 
infinity of classes of entities each of which would possess the properties 
of the class of real numbers. What is essential in mathematics is that its 
symbols should be capable of some interpretation; generally they are 
capable of many^ and then, so far as mathematics is concerned, it does not 
matter which we adopt. Bertrand Russell has said that ‘mathematics 
is the science in which we do not know what we are talking about, and do 
not care whether what we say about it is true a remark which is expressed 
in the form of a paradox but which in reality embodies a number of im- 
portant truths. It would take too long to analyse the meaning of 
Russell’s epigram in detail, but one at any rate of its implications is this, 
that the symbols of mathematics are capable of varying interpretations, 
and that we are in general at liberty to adopt whichever we prefer. 


There are now three cases to distinguish. It may happen that 
all negative rational numbers belong to the lower class, and zero 
and all positive rational numbers to the upper. We describe 
this section as the real number zero. Or again it may happen 
that the lower class includes some positive numbers. Such a 
section we describe as a 'positive real number. Finally it may 
happen that some negative numbers belong to the upper class. 
Such a section we describe 6is a negative real number"^. 

The difference between our present definition of a positive real number a 
and that of § 7 amounts to the addition to the lower cla^ of zero and all 
the negative rational numbers. An example of a negative real number is 
given by taking the property F of § 6 to bo x + 1 < 0 and Q to be x + 1 > 0. 


* There are also seotions in which every number belongs to the lower or to the 
upper class. The reader may be tempted to ask why we do not regard these sections 
also as defining numbers, which we might call the rcof numbers positive and negative 
infinity. 

There Is no logical objection to such a procedure, but it proves to be inconvenient 
in practice. The most natural definitions of addition and multiplication do not work 
in a satisfactory way. Moreover, for a beginner, the chief difiBculty in the elemente 
of analysis is that of learning to attach precise senses to phrases containing the word 
‘infinity’; and experience seems to show that ho is likely to be oonfused by any 
addition to their number. 
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This section plainly corresponds to the negative rational number — 1. 
It we took P to be X® < — 2 and Q to be x® > — 2, we should obtain a negative 
real number which is not rational. 


9 . Relations of magnitude between real numbers. It 

is plain that, now that we have extended our conception of 
number, we are bound to make corresponding extensions of our 
conceptions of equality, inequality, addition, multiphcation, and 
so on. We have to show that these ideas can be apphed to the new 
numbers, and that, when this extension of them is made, all the 
ordinary laws of algebra retain their validity, so that we can 
operate with real numbers in general in exactly the same way as 
with the rational numbers of §1. To do all this systematically 
would occupy a considerable space, and we shall be content to indi- 
cate summarily how a more systematic discussion would proceed. 

We denote a real number by a Greek letter such as a, yff, y, 
the rational numbers of its lower and upper classes by the corre- 
sponding English letters a, ^ ; 6, P; c, C;. . . . The classes themselves 
we denote by (a), (A), .... 

If a and are two real numbers, there are three possibilities: 

(i) every a is a 6 and every A a B; in this case (a) is identical 
with (b) and (A) with (B); 

(u) every a is a 6, but not all J[’s are P’s; in this case (a) is a 
proper part of (6)*, and (P) a proper part of (A); 

(iii) every ^ is a P, but not all a’s are 6’8. 

These three cases may be indicated graphically as in Fig. 4. 

In case (i) we write a = yff, in case (ii) a</?, and in case (iii) 
a>j9. It is clear that, when a 

and y? are both rational, these ^ 

definitions agree with the ideas of “ 

equality and inequality between j 2 (ii) 

rational numbers which we began 

by taking for granted; and that ^ j (iii) 

any positive number is greater Fig. 4 

than any negative number. 

* l.e. U included in but not identical with (6). 
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It will be convenient to define at this stage the negative — a of 
a positive number a. We suppose first that a is irrational. If 
(a), [A) are the classes which constitute a, we can define another 
section of the rational numbers by putting all numbers — ^ in the 
lower class and all numbers —a in the upper. The real number 
thus defined, which is clearly negative, we denote by — a. Simi- 
larly we can define — a when a is negative; if a is negative, — a is 
positive. It is plain also that — ( — a) = a. Of the two numbers 
OL and —a one is always positive. The one which is positive we 
denote by | a | and call the modulus of a. 

There is a complication if a is rational. In this case a belongs 
to (^ ), and the classes ( — -d ), ( — a) do not define a real number in 
the sense of § 8, since — a belongs to the lower class instead of 
to the upper. We must therefore modify our definition of —a by 
agreeing that, when a is rational, the rational — a is to be included 
in the upper class. 

Examples IV. 1. Prove that 0 = — 0. 

2. Prove that fi = < a, or fi> a according as a = p, ct> qt a<p, 

3. If a = P and P = y, then a = y. 

4. If and /?<y, then a<y. 

6. Prove that — P< — a if a<p, 

6. Prove that a > 0 if a is positive, and a < 0 if a is negative. 

7. Prove that a ^ | a | . 

8. Prove that 1 < ^2 < -^3 < 2. 

[All these results are immediate consequences of our definitions.] 

10. Algebraical operations with real numbers. We now 

proceed to define the meaning of the elementary algebraical 
operations such as addition, as applied to real numbers in general. 

(i) Addition. In order to define the sum of two numbers a and 
py we consider the following two classes: (i) the class (c) formed 
by all sums c = a-f6, (ii) the class (C) formed by aU sums 
C ^ A-\- B. Plainly c < (7 in all cases. 

Again, there cannot be more than one rational number which 
does not belong either to (c) or to ((7). For suppose there were 
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two, say r and s, and let a be the greater. Then both r and a must 
be greater than every c and less than every C; and so C — c 
cannot be less than s — r. But 

C-c = {A-a) + (B-b); 

and we can choose a, b, Ay B bo that both A— a and B — b are as 
small as we like; and this plainly contradicts our hypothesis. 

If every rational number belongs to (c) or to (C), the classes (c), 
(C) form a section of the rational numbers, that is to say, a 
number y. If there is one which does not, we add it to ((7). We 
have now a section or real number y, which must clearly be 
rational, since it corresponds to the least member of (C). In any 
caae we call y the aum of a and yff, and write 

y = 

If both a and P are rational, they are the least members of the upper 
classes (A) and {B). In this case it is clear that a + P ia the least member 
of (O), BO that our definition agrees with our previous ideas of addition. 

(ii) Subtraction. We define a — /? by the equation 
a-/? = a + (-/?). 

The idea of subtraction accordingly presents no fresh difiSculties. 

Examples V. 1. Prove that a + ( — a) = 0. 

2. Prove that a + 0 = 0 + a = a. 

3. Prove that a P = P -Vet. [This follows at once from the fact that 
the classes {a-f-6) and (6-|-a), or {A-\- B) and (B-\-A)y are the same, since, 
e.g., a + h = 6 + 0 when a and 6 are rational.] 

4. Prove that a + (y5 + y ) = (a + yff) + y. 

6. Prove that a — a = 0. 

6. Prove that a — /? = — (y? — a). 

7. From the definition of subtraction, and Exs. 4, 1, and 2 above, it 
follows that 

(a-P) + p = {a + (-/?)} + /? = a + {(-/?) + /7} = a + 0 = a. 

We might therefore define the difference cl — p by the equation 

y + y? = a. 

8. Prove that cL — (P — y) = a — P-^y. 

9. Give a definition of subtraction which does not depend upon a 
previous definition of addition, [To define y = a — form the classes (c). 
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( C) for which <3 ^ B, G A^b, It is easy to show that this definition 

is equivalent to that which we adopted in tiie text.] 

10. Prove that 

\\a\^\fi\\<\a±fi\^\a\ + \fi\. 


11, Algebraical operations with real numbers (con- 
tinned), (iii) Multiplication, When we come to multiplication, 
it is most convenient to begin with positive numbers, and to go 
back for a moment to the sections of positive rational numbers 
only which we considered in §§ 4-7. We may then follow practic- 
ally the same road as in the case of addition, taking (c) to be (ab) 
and {C) to be (AB). The argument is the same, except when we 
are proving that all rational numbers with at most one exception 
must belong to (c) or (C). This depends, as in the case of addition, 
on showing that we can choose a, A, 6, and B so that C — c is as 
small as we please. Here we use the identity 

G — c AB — ab = (A —a)B + a{B — b). 

We include negative numbers within the scope of our de- 
finition by agreeing that, if a and are positive, then 

= a(-J3) = -afi, (-a)(-/9) = a/?. 

Finally we agree that (0) a = a(0) = 0 for all a. 

(iv) Division, In order to define division, we begin by defining 
the reciprocal 1/a of a number a (other than zero). Confining 
ourselves in the first instance to positive numbers and sections 
of positive rational numbers, we define the reciprocal of a positive 
number a by means of the lower class (1/A) and the upper cla^ss 
(1/a). We then define the reciprocal of a negative number —a by 
the equation l/(— a) = — (1/a). Finally we define a/yff by the 
equation a//? = a x (1//?). 

We are then in a position to apply to all real numbers, rational 
or irrational, the whole of the ideas and methods of elementary 
algebra. Naturally we do not propose to carry out this task in 
detail. It will be more profitable and more interesting to turn our 
attention to some special, but particularly important, classes 
of irrational numbers. 
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Examples VI. Prove the theorems expressed by the foUowinp 
formuleie: 

1. axl = lxa = a. 2. ax(l/a)=l. 3. a/? = /?a. 

4. a(/?y) = (a/?)y. 5. a(>^ + y) = + ay. 6. (a + /?) y = ay +/?y. 

7. |a/?l = la||/?|. 

12. The number ^2, Let us now return for a moment to 
the particular irrational number which we discussed in §§4-5. 
We there constructed a section by means of the inequalities 

<2, z^> 2, This was a section of the positive rational numbers 
only; but we replace it (as was explained in § 8) by a section of all 
the rational numbers. We denote the section or number thus 
defined by the symbol ^2. 

The classes by means of which the product of ^2 by itfeelf is 
defined are (i) (oa'), where a and a' are positive rational numbers 
whose squares are less than 2, (ii) {A A'), where A and A' are 
positive rational numbers whose squares are greater than 2. 
These classes exhaust all positive rational numbers save one, 
which can only be 2 itself. Thus 

(V2)« = V2V2 = 2. 

( - V2)* = ( - V2) ( - V2) = V2V2 = (V2)' = 2. 

Thus the equation = 2 has the two roots ^2 and —^2. Similarly 
we could discuss the equations x* = 3, a;® = 7, ... and the corre- 
sponding irrational numbers -^3, — ^3, -^7, .... 

13. Quadratic surds. A number of the form where 
a is a positive rational number which is not the square of another 
rational number, is called a pure quadratic surd. A number of the 
form a ±^by where a is rational, and ^6 is a pure quadratic surd, 
is sometimes called a mixed quadratic surd. 

The two numbers a ±^b are the roots of the quadratic equation 
X* — 2ax + o* — 6 = 0. 

Conversely, the equation x* -f 2px g = 0, where p and q are rational, and 
p* — g>0, has as its roots the two quadratic surds — p ± ^{p^ — q)n 

The only kind of irrational numbers whose existence was 
suggested by the geometrical considerations of §3 are these 
quadratic surds, pure and mixed, and the more complicated 
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irrationals which may be expressed in a form involving the 
repeated extraction of square roots, such as 

V2 + V(2 + V2) + V{2 + V(2 + V2)}. 

It is easy to construct geometrically a line whose length is 
equal to any number of this form, as the reader will easily see for 
himself. That irrational numbers of these kinds only can be con- 
structed by Euclidean methods (i.e. by geometrical constructions 
with ruler and compasses) is a point the proof of which must be 
deferred for the present'*'. This property of quadratic surds makes 
them especially interesting. 

Examples VII. 1. Give geometrical constructions for 

V2, V(2 + V2), V{2 + V(2 + V2)}. 

2. Tlie quadratic equation ax* 4- 26x 4- c = 0 has two real rootsf it 
6* — ac> 0. Suppose a, 6, c rational. Nothing is lost by taking all three to 
be integers, for we can multiply the equations by the least common 
multiple of their denominators. 

The reader will remember that the roots are { — 6 ± — ac)}/a. It is 

easy to construct these lengths geometrically, first constructing — ac). 
A more elegant, though less straightforward, construction is the following. 

Draw a circle of unit radiua^ a diameter PQ, and the tangents at the e7ida 
of the diameter. 


P 



Take PP' = — 2a/6 and QQ' = — c/26, having regard to aignX- Join P'Q\ 

♦ See Ch. II, Miac. Exs. 22. 

t I.e. there are two values of x for which ox* + 26x + c = 0. If 6* - oc <0, there are 
no such values of x. The reader will remember that in books on elementary algebra 
the equation is said to have two ‘complex’ roots. The meaning to be attached to 
this statement will be explained in Ch. III. 

When b* = ac the equation has only one root. For the sake of uniformity it is 
generally said in this case to have ‘two equal’ roots, but this is a more convention. 

^ The figure is drawn to suit the case in which b and c have the same and a the 
opposite sign. The reader should draw figures for other oases. 
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cutting the circle in M and N. Draw PM and PN, cutting QQ' in X and Y . 
Then QX and Q Y are the roota of the equation with their proper signs*. 

The proof is simple and we leave it as an exercise to the reader. Another, 
perhaps even simpler, construction is the following. Take a line AB of 
unit length* Draw BC = —^bja perpendicular to AB^ and CD = cja per- 
pendictdar to BG and in the same direction as BA. On AD as diameter 
describe a circle cutting BO in X and Y. Then BX and BY are the roots. 

3. If oo is positive, PP' and QQ' will be drawn in the same direction. 
Verify that P'Q' will not meet the circle if 6* < oc, while if 6“ = ac it will be 
a tangent. Verify also that if 6* = oc the circle in the second construction 
will touch BO. 


4. Prove that 


V(p?) = ^/P X =P^- 


14. Some theorems concerning quadratic surds. Two 
pure quadratic surds are said to be similar if they can be expressed 
as rational multiples of the same surd, and otherwise to be 
dtsstTnilar . Thus ^ ^ 

and so are similar surds. On the other hand, if M and N 

are integers which have no common factor, and neither of which 
is a perfect square, then and are dissimilar surds. 

For suppose, if possible, 



where all the letters denote integers. Then y/{MN) is evidently 
rational, and therefore (Ex. n. 3) integral. Thus MN = P®, 
where P is an integer. Let ... be the prime factors of P, so 

MN = a^b^fic^y 

where aL,p,y,... are positive integers. Then ilf iV is divisible by a^*, 
and therefore either (1) ilf is divisible by a^“, or (2) iV" is divisible 
by or (3) M and iV are both divisible by a. The last case may 
be ruled out, since M and iV' have no common factor. This argu- 
ment may be applied to each of the factors a^, 6^^, so 


* I have taken this construction from IClein’s Vortrdge Uber ausgewdhlte Fragtn 
der ElemeTdargeometrie (Leipzig, 1896). 
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that M must be divisible by some of these factors and N by the 
remainder. Thus 


M^Pl N^Pl 


where P\ denotes the product of some of the factors o**®, . . . 

and P\ the product of the rest. Hence M and N are both perfect 
squares, which is contrary to our hypothesis. 


Theorem. If A, B, C, D are raiional and 

then either {i) A C , B D or {\i) B and D are both squares of 
rational numbers. 


For B — D \a rational, and so is 

^B-^D=C^A. 

If B is not equal to D (in which case it is obvious that A is also 
equal to (7), it follows that 

Vi5 + VZ)=(5-^)/(V5-V^) 
is also rational. Hence ^B and aJD are rational. 

Corollary. If -4 + = (7 + then A—^B = C-^D 

{unless ^B and are both rational). 

Examples VIII. 1. Prove ab initio that ^2 and ^3 are not similar 
surds. 

2. Prove that ^ and where a is rational, are similar surds 

(imless both are rational). 

3. If a and b are rational, then ^Ja cannot be rational unless ^Ja and 
y/b are rational. The same is true of ‘Ja — .Jb, unless a = b. 

4. If + 

then either (a) A = 0 and B = D, or (b) A = D and B = C, or (c) ^A, ^JB, 
*jCf yjD are all rational or all similar surds. [Square the given equation 
and apply the theorem above.] 

6. Neither (a 4- -^6)® nor (a — .jbY can be rational unless yjb is rational. 

6. Prove that if r = p + .jq, where p and q are rational, then x"*, where 
m is any integer, can be expressed in the form P + Q yjq^ where P and Q 
are rational. For example, 

(p + V?)* = JJ* + g + 2p Vg. ip + V?)' = P’ + ^P9 + (3;>* + g) -Jq. 
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Deduce that any polynomial in x with rational ooefiioientfi (i.e. any expres- 
sion of the form . . ^ . 

OoX" + aia;"-i-|- ... -f a„, 


where Oq, ..., a„ ore rational numbers) can be expressed in the form 

P + Q^. 

7. If a -H where 6 is not a perfect square, is the root of an algebraical 
equation with rational coefficients, then a — ^bis another root of the same 
equation. 

8. Express l/fp + V?) form prescribed in Ex. 0. [Multiply 

numerator and denominator by p — ^g.] 

9. Deduce from Exs. G and 8 that any expression of the form G{x)IH(x)y 
where 0{x) and H(x) are polynomials in x with rational coeffi( ients, can 
be expressed in the form P-f- (? where P and Q are rational. 

10. Ifp, g, andp* — g are positive, we can express V(P + \^) form 

‘Jx + ^Jy, where 

X = i{p + V(j)’ - g)}. y = 

11. Determine the conditions tliat it may be possible to express 
n/(P + V7)» '^here p and g are rational, in the form ^Jx-\-^Jyt where x and y 
are rational. 


12. If a* — 6 is positive, then a necessary and sufficient condition that 

V(o+ V(0” V^) 

should be rational is that a* — 6 and — b)) should both be 

squares of rational numbers. 


15. The continuum. The aggregate of all real numbers, 
rational and irrational, is called the arithmetical continuum. 

It is convenient to suppose that the straight line yl of § 2 is 
composed of points corresponding to all the numbers of the 
arithmetical continuum, and of no others*. The points of the 
line, the aggregate of which may be said to constitute the linear 
continuum, then supply us with a convenient image of the 
arithmetical continuum. 

We have considered in some detail the chief properties of a 
few classes of real numbers, such, for example, as rational 

• This supposition is merely a hypothesis adopted (i) because it suffices for the 
purposes of our geometry and (ii) becauses it provides us with convenient geometrical 
Ulustrations of analytical processes. As we use geometrical language only for pur- 
poses of illustration, it is not part of our business to study the foundations of 
geometry. 
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numbers or quadratic surds. We add a few further examples to 
show how very special these particular classes of numbers are, 
and how, to put it roughly, they comprise only a minute fraction 
of the infinite variety of numbers which constitute the con- 
tinuum. 

(i) Let us consider a more complicated surd expressio*^ such as 

z = ^(4 + V16) + ^(4-V16)* 

Our argument for supposing that the expression for z has a meaning might 
be as follows. We first show, os in § 12, that there is a number y = ^15 
such that = 15, and we can then, as in § 10, define the numbers 4 + -^16, 
4 — Now consider the equation in 

zl = 4 + VIS. 

Tlie right-hand side of this equation is not rational: but the same reasoning 
which leads us to suppose t.iat there is a real number x such that = 2 
(or any other rational number) also loads us to the conclusion that there 
is a number z^ such that z] = 4 + Vl5. We thus define + V^^)* 

similarly we can define 2 , = — and then, os in § 10, we define 

Z = 2i + 2j. 

It is easy to verify that _ 3^ 4- 8* 

and it is not difficult to give a direct proof of the existence of a unique 
number satisfying this equation. 

In the first place, z (if it exists) must be positive. For z = — f g;ives 
^ — 3? +8 = 0 or 3 — $*= 8/^. But this is impossible if f is positive, for 
then < 3, ^<2, and 8/^ > 4, whereas 3 — < 3. 

Next, the equation cannot be satisfied by two different niimbers 
and Zj. For suppose, if possible, that 

z5 = 32^ + 8, 25=32g + 8. 

Then 2 ^ and z, are positive, and z5> 8, z5> 8, or Zj > 2, 2 a> 2; and this is 
impossible because, when we subtract and divide by Zj — Zj, we obtain 

z^ + Zj Za + z^ = 3. 

Hence there is at most one z for which z® = 3z + 8; emd it cannot be 
rational. For any rational root of the equation must be integral and a 
divisor of 8 (Ex. ii. 3), and no one of 1, 2, 4, 8 is a root. 

We can now divide the positive rationale x into two classes L, It 
according as < 3x + 8 or 2 ;® > 3a: + 8. If a? belongs to i?, and y>Xf then y 
also belongs to R, since y>x>2 and 

y® - 3y - (x» - 3x) = (7/ - X) (y* + xy + X* - 3) > 0. 

Similarly we can show that if x belongs to L, and y < x, then y belongs to L. 
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Finally, it is evident that the classes L and R both exist; and they define 
a section of the positive rational numbers, or positive real number jb, 
which satisfies the equation. 

The reader who knows how to solve cubic equations by Cardan’s method 
wifi be able to obteiin the explicit expression of z directly from the equation. 

(ii) The direct argument applied above to the equation 

= 3x + 8 could be applied (though the application would be 

a httle more difficult) to the equation 

= x + 16, 

and would lead us to the conclusion that there is a unique positive 
real number which satisfies this equation. In this case, however, 
it is not possible to obtain a simple explicit expression for x 
composed of any combination of surds. It is indeed known 
(though the proof is difficult) that it is generally impossible to 
find such an expression for the root of an equation of higher degree 
than 4. Thus, besides irrational numbers which can bo expressed 
as pure or mixed quadratic or other surds, or combinations of 
such surds, there are others which are roots of algebraical 
equations but cannot be so expressed. It is only in very special 
oases that such expressions can be found. 

(iii) But even when we have added to our list of irrational 

numbers roots of equations (such as = x 4- 16) which cannot be 
explicitly expressed as surds, we have not exhausted the different 
kinds of irrational numbers contained in the continuum. Let us 
draw a circle whose diameter is equal to i.e. to unity. It is 

natural to suppose* that the circumference of such a circle has a 
length capable of numerical measurement. This length is usually 
denoted by tt ; and it has been shownf (though the proof is again 
difficult) that this number tt is not the root of any algebraical 
equation with integral coefficients, such, for example, as 

= n, 7T^ — n, tt® = tt + n, 

where n is an integer. In this way it is possible to define a number 
which is not rational and does not belong to any of the classes of 

* See Hobson’s Plane trigonometry (6th edition), pp. 7 ei atq. 

t See Hobson, loc. cit., pp. 305 ei or the same writer’s Squaring the circle 
(Cambridge, 1913). 
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irrational numbers which we have so far considered. This 
number n is not an isolated or exceptional case. Only special 
classes of irrational numbers are roots of such algebraical 
equations ; and only still more special classes are expressible by 
means of surds. 

16. The continuous real variable. The ‘real numbers’ 
may be regarded from two points of view. We may think of them 
as an aggregate, the ‘arithmetical continuum’ defined in the 
preceding section, or individmdly , And when we think of them 
individually, we may think either of a particular specified 
number (such as 1, — -^2, or n) or we may think of any number, 

an unspecified number, the number x. This last is our point of 
view when we make such assertions as ‘x is a number’, ‘x is the 
measure of a length’, ‘x may be rational or irrationar. The x 
; which occurs in propositions such as these is called the continuous 
real variable: and the individual numbers are called the values 
of the variable, 

A ‘variable’, however, need not necessarily be continuous. 
Instead of considering the aggregate of all real numbers, we 
might consider some partial aggregate contained in the former 
aggregate, such as the aggregate of rational numbers, or the 
aggregate of positive integers. Let us take the last case. Then in 
statements about any positive integer, or an unspecified positive 
integer, such as ‘n is either odd or even’, n is called the variable, 
a positive integral variable, and the individual positive integers 
are its values. 

Naturally ‘x* and ‘n’ are only examples of variables, the 
variable whose ‘field of variation’ is formed by all the real 
numbers, and that whose field is formed by the positive integers. 
These are the most important examples, but we have often to 
consider other cases. In the theory of decimals, for instance, we 
may denote by x any figure in the expression of any number as a 
decimal. Then x is a variable, but a variable which has only ten 
different values, viz. 0, 1, 2, 3, 4, 5, 6, 7, 8, 9. We may say, shortly, 
that the variables with which we shall be concerned are classes 



BEAL VARIABLES 


28 


[I 


of integers or of real numbers, and that the values of the variables 
are the members of these classes. 


17. Sections of the real numbers. In §§ 4-7 we con- 
sidered ‘sections’ of the rational numbers, i.e. modes of division 
of the rational numbers (or of the positive rational numbers only) 
into two classes L and R possessing the following characteristic 
properties; 

(i) that every number of the type considered belongs to one 
and only one of the two classes; 

(ii) that both classes exist; 

(iii) that any member of L is less than any member of R. 

It is plainly possible to apply the same idea to the aggregate 
of aU real numbers, and the process is, as the reader will find in 
later chapters, of very great importance. 

Let us then suppose* that P and Q are two properties which 
are mutually exclusive, and one of which is possessed by every 
real number. Further let us suppose that any number which 
possesses P is less than any which possesses Q, We call the 
numbers which possess P the lower or left-hand class L, and those 
which possess Q the upper or right-hand class R, 

Thus P might be x ^ ^2 and Q be x > It is important to observe that 
a pair of properties which suffice to define a section of the rational numbers 
may not suffice to define one of the real numbers. This is so, for example, 
with the pair and ’x><^2’ or (if we confine ourselves to positive 

numbers) with ‘x*<2’ and ‘x*>2’. Every rational number possesses 
one or other of the properties, but not every real number, since in either 
case yl2 escapes classification. 

There are now two possibilitiesf. Either L has a greatest 
member Z, or R has a least member r. Both of these events cannot 

• The discusBion which follows is in many ways similar to that of § 6. We have 
not attempted to avoid a certain amount of repetition. The idea of a ‘section’, first 
brought into prominence in Dedekind’s famous pamphlet Stetigkeit und irrcUionalt 
Zahlen^ Lb one which most be grasped by every reader of this book, even if he be one 
of those who prefer to omit the discussion of the notion of an irrational number 
contained in §§ 6-12. 

t There were three in § 6. 
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occur. For if L had a greatest member Z, and R a least member r, 
the number would be greater than all members of L and 

less than all members of R, and so could not belong to either class. 
On the other hand one event must occur*. 

For let and R^ denote the classes formed from L and R by 
taking only the rational members of L and R. Then the classes 
Li and R^ form a section of the rational numbers. There are now 
two cases to distinguish. 

It may happen that has a greatest member a. In this case 
a must be also the greatest member of L. For if not we can find 
a greater, say There are rational numbers lying between a and 
P, and these, being less than fiy belong to L, and therefore to 
and this is plainly a contradiction. Hence a is the greatest 
member of L. 

On the other hand it may happen tliat has no greatest 
member. In this case the section of the rational numbers formed 
by Li and 7?^ is a real number a. This number a must belong to L 
or to R. If it belongs to L we can show, precisely as before, that 
it is the greatest member of L \ and similarly that, if it belongs to 
R, it is the least member of R, 

Thus in any case either L has a greatest member or JS a least. 
Any section of the real numbers therefore ‘ corresponds ’ to a real 
number in the sense in which a section of the rational numbers 
sometimes, but not always, corresponds to a rational number. 
This conclusion is of very great importance; for it shows that the 
consideration of sections of all the real numbers does not lead to 
any further generalisation of our idea of number. Starting from 
the rational numbers, we found that the idea of a section of the 
rational numbers led us to a new conception of a number, that 
of a real number, more general than that of a rational number; 
and it might have been expected that the idea of a section of the 
real numbers would have led us to a conception more general 
still. The discussion which precedes shows that this is not the 
case, and that the aggregate of real numbers, or the continuum 

* Thifl was not the ease in § 6. 



30 


REAL VARIABLES 


[1 

has a kind of completeness which the aggregate of the rational 
numbers lacked, a completeness which is expressed in technical 
language by saying that the continuum is closed. 

The result which we have just proved may be stated as follows: 

Dedekind *8 theorem. If the real numbers are divided into 
two classes L and R in such a way that 

(i) every number belongs to one or other of the two classes y 

(ii) each class contains at least one number, 

(iii) any member of L is less than any member of R, 

then there is a number a, which has the 'property that all the numbers 
less than it belong to L and all the numbers greater than it to R, The 
number a itself may belong to either class. 

In applications we have often to consider sections not of all numbers but 
of all those contained in an interval (P,y)y that is to say of all numbers x 
such that A ‘section’ of such numbers is of course a division of 

them into two classes possessing the properties (i), (ii), and (iii). Such a 
section may be converted into a section of all numbers by adding to L all 
numbers less than ^ and to R all numbers greater than y. It is clear that 
the conclusion stated in Dedekind’s theorem still holds if we substitute 
‘the real numbers of the interval (>9, y)’ for ‘the real numbers’, and that 
the number a in this case satisfies the inequalities ^ a ^ y. 

18. Points of accumulation. A system of real numbers, or 
of the points on a straight line corresponding to them, defined 
in any way whatever, is called an aggregate or set of numbers 
or points. The set might consist, for example, of all the positive 
integers, or of all the rational points. 

It is most convenient here to use the language of geometry*. 
Suppose then that we are given a set of points, which we will 
denote by S. Take any point 5, which may or may not belong to S. 
Then there are two possibilities. Either (i) it is possible to choose 
a positive number S so that the interval (^ — 5, ^ -h 5) does not con- 
tain any point of S, other than ^ itselff, or (ii) this is not possible. 

• The reader will hardly require to be reminded that this course is adopted solely 
for reasons of linguistic convenience. 

t This clause is of course uimecessary if ^ does not itself belong to 8 . 
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Suppose, for example, that S consists of the points corresponding to all 
the positive integers. If £ is itself a positive integer, we can take <5 to be 
any number less than 1, and (i) will be true; or, if f is halfway between two 
positive integers, we can take to be any number less than J. On the other 
hand, if S consists of all the rational points, then, whatever the value of f , 
(ii) is true, for any interval whatever contains an infinity of rational points. 

Let U8 suppose that (ii) is true. Then any interval (^ — g -h ^), 
however small its length, contains at least one point which 
belongs to S and does not coincide with and this whether ^ 
itself be a member of S or not. In this case we shall say that ^ is 
a point of accumulation oi 8. It is easy to see that the interval 

— g + (y) must contain, not merely one, but infinitely many 
points of S, For, when we have determined we can take an 
interval ^ + S^) surrounding ^ but not reaching as far as 

But this interval also must contain a point, say which is a 
member of 8 and does not coincide with Obviously we may 
repeat this argument, with in the place of and so on in- 
definitely. In this way we can determine as many points 

••• 

as we please, all belonging to 8, and all lying inside the interval 

A point of accumulation of 8 may or may not be itself a point 
of 8, The examples which follow illustrate the various possi- 
bilities. 

Examples IX. 1. If consists of the points corresponding to the 
positive integers, or all the integers, there are no points of accumulation. 

2. If aS consists of all the rational points, every point of the line is a 
point of accumulation. 

3. If aS consists of the points 1 , • • • » there is one point of accumula- 

tion, viz. the origin. 

4. If S consists of all the positive rational points, the points of accumu- 
lation are the origin and all positive points of the line. 

19. Weierstrass’s theorem. The general theory of Bets 
of points is of the utmost interest and importance in the higher 
branches of analysis; but it is for the most part too difficult to be 
included in a book such as this. There is however one fundamental 
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theorem which is easily deduced from Dedekind’s theorem and 
which we shall require later. 

Theorem. If a set S contains infinitely many points ^ and is 
entirely situated in an interval then cU least one point of the 

interval is a point of accumulation of S, 

We divide the points of the line A into two classes in the 
following manner. The point P belongs to L if there are an 
infinity of points of S to the right of P, and to R in the contrary 
case. Then it is evident that conditions (i) and (iii) of Dedekind’s 
theorem are satisfied; and since a belongs to L and fi to R, 
condition (ii) is satisfied also. 

Hence there is a point g such that, however small be (5, £ — <5 
belongs to L and to P, so that the interval — 
contains an infinity of points of S. Hence ^ is a point of accumu- 
lation of S. 

This point may of course coincide with a or , as for instance when a = 0, 
fi = I, and S consists of the points 1, J, .... In this case 0 is the sole 
point of accumulation. An alternative proof is given in § 71, p. 139. 

MISCELLANEOUS EXAMPLES ON CHAPTER I 

1. What are the conditions that ax-\-by -\-cz = Oy (1) for all values of 
Xy f/, z; (2) for all values of x, y, z subject to ax-V ^y-\-yz = 0; (3) for all 
values of Xy y, z subject to both oux->r py^-yz = 0 and Ax -\-By-^Cz = 0 T 

2. Any positive rational number can be expressed in one and only one 
way in the form 

O I I 1. I 

' 1.2 1.2.3 1.2.3. ..i:’ 

where a^, a,, ..., s-ro integers, and 

0<Oi, 0^aj<2, 0^a8<3, Q<a^<k, 

3. Any positive rational number can be expressed in one and only one 
way as a simple continued fraction 

1 1 1 

o, H ■ 

^2 + 03 + . . . + On 

where , O3 , . . ., o„ are integers, and 

O2>0, ..., a„>l. 

[Accounts of tho theory of continued fractions will be found in text- 
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books of algebra, or in Hardy and Wright, An introduction to the theory of 
numbera, oh. 10.] 

4. Find the rational roots (if any) of 9x* — 62 ;* +16a;— 10 = 0. 


5 . A line AB is divided at C in aurea sectione (Euc. ii. 11), i.e. so that 
AB,AC ^ BC^. Show that the ratio ACjAB is irrational. 

[A direct geometrical proof will be found in Bromwich’s Infinite aeriea, 
2nd edition, § 136, p. 400.] 


6 . A is irrational. In what circumstances can 
are rational, be rational? 


a A +6 
cA-\-d 


, where o, 6 , c, d 


7. Some elementary inequalities. In what follows Oj, o^, ... denote 
positive numbers (including zero) and p, g, ... positive integers. Since 
aj — oj and aj — oj have the same sign, we have (oj — oj) (oj — oj) ^ 0 , or 

^ a? aj + aj a; ( 1 ) , 

an inequality which may also be written in the form 




By repeated application of this formula we obtain 

4- ^ ^ g; + g; ^ + ^ 

and m particular — ^ ^ ^ — ) 




.( 3 ), 


.(4). 


Whenp = q = lin(l),orp = 2 in (4), the inequalities are merely different 
forms of the inequality + 2 aia 2 , which expresses the fact that the 
arithmetic mean of two positive nmnbers is not less than their geometric 
mean. 


8 . Generalisations for n numbers. If we write down the Jn(n — 1 ) 
inequalities of the type ( 1 ) which can be formed with n numbers , a, , . . . , 
o,,, and add the results, we obtain the inequality 

( 6 ), 

" <«'■ 

Hence we can deduce an obvious extension of (3) which the reader may 
formulate for himself, and in peuticular the inequality 

<,). 


H P M 


3 
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9. The general form of the theorem concerning the arithmetic 

and geometric means. An inequality of a slightly different character is 

that which asserts that the arithmetic mean of Ojjaj, . . .,a* is not less than 

their geometric mean. Suppose that and o, are the greatest and least 

of the a’s (if there are several greatest or least a’s we may choose any of 

them indifferently), and let Q be their geometric moan. We may suppose 

(? > 0, as the truth of the proposition is obvious when G = 0. If now we 

replace and o. by / ^ 

^ =: O, a, = a^aJO, 

we do not alter the value of the geometric mean; and, since 

o' + a' — a^ — a,— {a^ — G) {a, — G)IO ^ 0, 

we certainly do not increase the arithmetic mean. 

It is clear that we may repeat this argument until we have replaced 
each of o^, Og* ■ • - by t?; at most n repetitions will be necessary. Since the 
final value of the arithmetic moan is O, the initial value cannot have been 
less. 


10. Cauchy’s inequality. Suppose that Oj, Oj, a„ and 6^, 6^, ...» 6„ 

are any two sets of numbers positive or negative. It is easy to verify the 
identity ^ 

whore r and 8 assume the values 1, 2, ...» n. It follows that 

11. If Oi, a,, . . . , o„ are positive, then 

Or 


12. If a, 6, c are positive, and a + 6 + c = 1 , then 

13. If o and b are positive, and o + 6 = 1, then 




1\* 25 


(Math. Trip. 1932) 


(Math. Trip. 1926) 


14. If o^ , a j, . . . , a„ are all positive, and = o^ 4- Oj + . . . + a„, then 

(1 -f-Oi) (1 + «a) ■■■ (1 +®n) + + 

Z I Tl\ 

(Math. Trip. 1909) 

15. If Oi, o,, .... o„ and b^, are two sots of positive numbers, 

arranged in descending order of magnitude, then 

(oj 4- Og -f . .. -I- cin) (^i + + • . ■ + 5„) < + 036 , 4- • ■ . 4- 
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10. If a, 6, c, .... A; and A, B, O, ...» K are two sets of numbers, and all 
of the first set are positive, then 

clA + bB + kK 
a-hb-\-...~\-k 

Lies between the algebraically least and greatest of B, K, 

[Examples 7-16 are, for the most part, very special cases of well- 
known general theorems, which are discussed systematically in Hardy, 
Littlewood, and P61ya, Inequalities (Cambridge, 1934). See also §74 
of Ch. IV, and Appendix J.] 

17. If -y/p, are dissimilar surds, and a-\-b c yjq-^ d ^{pq) = 0. 
whore a, 6, c, d are rational, then a = 0, 6 = 0, c = 0, d = 0. 

[Express ^p in the form M-^N^q, where M and N are rational, and 
apply the theorem of § 14.] 

18. Show that if a ^2 + 6 >^3-1- c ^6 = 0, where a, b, c are rational num- 
bers, then a = 0 , 6 = 0, c = 0 . 


19. Any polynomial in ^Jp and with rational coefficients (i.e. any 
sum of a finite number of terms of the form A(yjp)^ (V7)"» where m and n 
are integers, and A rational), can be expressed in the form 

a-\-b ylp-\-Cylq-\-d^{pq), 
where a, 6, c, d are rational. 


20. Express 


a b ^p c .Jq 


d-\-e^p-\-f^q 

A + B^p-j-Cy/q-\-Dy/{pq), 
where A, B, C, D are rational. 


, whore a, 6, etc. are rational, in the form 


[Evidently 

a-^byjp-^cyjq _ (0 + 6 ^ p c y/q ) {d e y/ p-f^Jq ) _ a + /? Vp + y V ? + <? V(pg ) 
d + ev!P+/V^ {d^eyjpY-f^q e + ^^p 

whore a, p, etc. are rational numbers which can easily be found. The 
required reduction may now be easily completed by multiplication of 
numerator and denominator by e— CVp* example, prove that 


1 

1+V2 + V3 


-;+iV2-;v6.] 


21. If o, 6, X, 1 / are rational numbers such that 
{ay-bx)^-\-^(a-x){b-y) = 0, 

then either (i) x = a, y = 6 or (ii) 1 — o6 Eind 1 — xy are squares of rational 
numbers. {Math. Trip. 1903) 


3-3 
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22. If all the values of x and y given by 

ax^ -\-lhxy-Vhy^ =. 1, a'x* -f + fc'y* = 1 
(where a, h, 6, a\ h\ b' are rational) are rational, then 

(h - hy ^(a-a'){b- 6')p {ab' - a'by + i(ah' - a'h) (bW - b'h) 
are both squares of rational numbers. (Math. Trip. 1899) 

23. Show that ^2 and are cubic functions of ^2-\-yjZ, with rational 

coefficients, and that ^2 — -^6 + 3 is the ratio of two linear functions of 
^2 + ^3. (Maih. Trip. 1905) 

24. Show that 

^{a + 2m ^J(a — m*)} + yj{a — 2m yj{a — m*)} 
is equal to 2m if 2m® > a > m*, and to 2 ^J{a — m*) if a > 2m*. 


25. Show that any polynomial in -J'2, with rational coefficients, can be 
expressed in the form 

where o, 6, c are rational. 


a + 6 ^2 + c ^4, 


More generally, if p is any rational number, any polynomial in ^p with 
rational coefficients can be expressed in the form 


where Oq, fli, 
the form 


Co + Oi a + Oja* + . . . + 

... are rational and a = ^p. For any such polynomial is of 

6o + 6i a + 62a* 4 - . . . -f bf^a^. 


where the 6’s are rational. If ^ m — 1, this is already of the form required. 
If k>m—l, let a'" be any power of a higher than the (m— l)th. Then 
r = Am + fl, where A is on integer and 0 ^ a ^ m — 1 ; and a’’ = a'^ ”*■*■* = p^a’. 
Hence we can get rid of all powers of a higher than the (m— l)th. 


26. Express (.^2—1)® and (.y2 — l)/(.5^2 + 1) in the form o -f 5 ^2 -|- c ^4, 
where a, 6, c are rational. [Multiply numerator and denominator of the 
second expression by ^4 — .5^2+ 1.] 

27. If o + 6.y2 + c^4 = 0, 

where a, 6, c are rational, then a = 0, 6 = 0, c = 0^ 

[Let y = .^2. Then y^ = 2 and 

cy^ + by + a= 0. 

Hence 2cy* + 2by -f ay* = 0 or 

oy* -I- 2cy + 26 = 0. 

Multiplying these two quadratic equations by o and c and subtracting, 
we obtain (a6 — 2c®) y + a* — 26c = Oory = — (a* — 26c)/(a6 — 2c*), arational 
number, which is impossible. The only alternative is that 06 — 2c* = 0, 
o»-26c = 0. 
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Hence ab = 2c*, = 46*c*. If neither a nor b is zero, we can divide the 

second equation by the first, which gives a* = 26*: and this is impossible, 
since ^2 cannot be equal to the rational number a/6. Hence o6 = 0, c = 0, 
and it follows from the original equation that a, 6, and c are all zero. 

As a corollary, if a-^b^l2-\-c^i = d + e^2-^ /-J'4, then a = d,b = e,c =f. 
It may be proved, more generally, that if 

p not being a perfect mth power, then = 0; but the 

proof is less simple.] 

28. If A = C + ^Z), then either ^ = C, H = H, or B and D are 
both cubes of rational numbers. 


29. If + = 0, then either one of A, B, C is zero, and the 

other two equal and opposite, or ^A^ ^B, are rational multiples of the 
same surd ^X. 

30. Find rational numbers a, such that 

^(7 + 5V2) = a + /?V2. 

31. If (a — 6*) 6 > 0, then 

is rational. [Each of the numbers under a cube root is of the form 



where a and are rational.] 


* 32. Prove that 


= i (^2 + ^ 20 -^ 26 ), 

.y(4/2-l) = .ya)--y(S)4-^(J), 

// 3+2^ 5x 4/5+1 

VV3-24/5/ 4 /' 6 -r 


33. If a = ^Pj then any polynomial in a is the root of an equation of 
degree n, with rational coefficients. 

[We can express the polynomial {x say) in the form 
X = + mj a + . . . + 

where m^, ... are rational, as in Ex. 25. 

Similarly = /j + m,a + . . . + 


Hence 


= Z„ + m„a+ ... +r„a<"-^. 

L^x+ ... + = A, 
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where A is the determinant 


[I 


... 

Zj m, ... 



and Lj, L,, ... the minors of Zg, ] 

34. Apply this process to a; = p + ^Jq^ and deduce the theorem of § 14. 

35. Show that y = a-\-bp^^'^ + cp^^^ satisfies the equation 

— Say^ + 32/(a® — hep) — o® — — c®p® + Sabcp = 0. 

36. Algebraic numbers. We have seen that some irrational numbers 
(such as ^J2) are roots of equations of the type 

aoa:" + ajX"~^+ ... = 0, 

where Oo,Oi,...,a„ are integers. Such irrational numbers are called alge- 
braic numbers: all other irrational numbers, such as n (§15), are called 
transcendental numbers. 

37. If X and y are algebraic numbers, then so are x + y, x — y and xy\ 
and xfy is algebraic \i y^O, 

[A little knowledge of algebra is required. We must use the theorems 
that the elementary symmetric functions Ex^x^y ... of the roots of an 
equation 

( 1 ) x”^—p^x^~‘^-{-p2X”'-'^—...±p^ = 0 

are that any symmetric polynomial (see §§23, 31) in^ 

with integral coefficients, is a polynomial in Pi,P 2 »--- with 
integral coefficients. 

We can write the equations satisfied by x and y in the forms (1) and 

(2) + ±<7n = 0, 

... and ^ 1 , ^ 2 » being rational. We suppose that the roots of (1) and 
(2) are Xj, Xj, . . . and y^ x and y being x^ and t/^, and form the product 

m n 

•P(z) = n n 

/i — 1 k^l 

extended over the mn pairs of values of h and k. Then P{z) is a polynomial 
of degree mn in z, and its coefficients are symmetric polynomials in the Xf^'s 
and the i/*'s, with integral coefficients. It follows that the coefficients are 
polynomials in ..., g 2 » • • ■ with integral coefficients. Thus P(z) = 0 

is an equation of degree mn, with rational coefficients, one of whose roots 
is x + y. 
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The proof for x — 1/ and xy is similar. If ^ 0 and we suppose, as we then 
may, that ^ 0, then 2=1/2/ satisfies 

2" — + ... ±r„ = 0, 

where = qn-ilQn* Hence z is algebraic, and therefore 

x/y = xz is algebraic. 

In particular x-\~k and kx are algebraic if k is rational.] 

38. If + + ... +a„, = 0, 

where a^, ag, . . ., a„, are algebraic, then x is algebraic. 

[This may be proved similarly. Each a,, satisfies an equation 

- Pr.l + . • . ± Pr.n, = 0 

with rational coefficients. We suppose that the roots of this equation are 
(^r being and form the product 
F(x) = n (X- + X— 1 + + • • • + ^m,,J 

extended over the N = n^n^... n„ combinations of the suffixes 52» ■ ■ ■ » ®m> 
thus obtaining a polynomial in x, of degree mN y with rational coefficients. 
In particular x”^^" is algebraic if x is algebraic and m and n integral.] 

39. If x2-2xV2 + V3 = 0 

then X* — 16x® + 5Sx* — 48x* 4-9 = 0. 

40. Find equations, with rational coefficients, satisfied by 

1 + V2 + V3. V{V3 + V2} + V{V3-V2}. 4'2 + v’'3. 

41. If .X* = x+ 1, then x®" = a„x + 6„H-c„x“^, where 

®n + l — ^n+1 “ “1” 4" C„, f^n + 1 “ 

42. If X® + X* — 2x* — X* + x^ + 1 = 0 and i/ = x* — x* + x— 1, then y 
satisfies a quadratic equation with rational coefficients. 

{Math. Trip. 1903) 

[It will be found that 2/* 4- J/ + 1 = 0.] 
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FUNCTIONS OF REAL VARIABLES 

20. The idea of a function. Suppose that x and y are 
two continuous real variables, which we may suppose to be repre- 
sented geometrically by distances AqP = x, BqQ — y measured 
from fixed points Aq, Bq along two straight lines A, M. And let 
us suppose that the positions of the points P and Q are not in- 
dependent, but are connected by a relation which we can imagine 
expressed as a relation between x and y ; so that, when P and 
X are known, Q and y are also known. We might, for example, 
suppose that y = x, ov 2Xy or \x, or 1. In all of these cases 
the value of x determines that of y. Or again we might suppose 
that the relation between x and y is given, not by means of an 
explicit formula for y in terms of Xy but by means of a geometrical 
construction which enables us to determine Q when P is known. 

In these circumstances y is said to be a function of x. This 
notion of functional dependence of one variable upon another is 
perhaps the most important in the whole range of higher mathe- 
matics. In order to enable the reader to be certain that he under- 
stands it clearly, we shall, in this chapter, illustrate it by means 
of a large number of examples. 

But before we proceed to do this, we must point out that the 
simple examples of functions mentioned above possess three 
characteristics which are by no means involved in the general 
idea of a function, viz.: 

(1) 2/ is determined for every value of x; 

(2) to each value of x for which y is given corresponds one and 
only one value of y) 

(3) the relation between x and y is expressed by means of an 
analytical formula^ from which the value of y corresponding to a 
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given value of x can be calculated by direct substitution of the 
latter. 

It is indeed the case that these particular characteristics are 
possessed by many of the most important functions. But the con- 
sideration of the following examples will make it clear that they 
are by no means essential to a function. All that is essential is 
that there should be some relation between x and y such that to 
some values of x at any rate correspond values of y. 

Examples X. 1. Let y = x or 2x ov or a:* 4- 1. Nothing further 
need be said at present about cases such as these. 

2. Let y = 0 whatever be the value of x. Then y is a function of x, for 
we can give x any value, and the corresponding value of y (viz. 0) is known. 
In this case the functional relation makes the same value of y correspond 
to all values of x. The same would be true were y equal to 1 or — J or ^2 
instead of 0. Such a function of x is called a constant. 

3. Let y^ = x. Then if x is positive this equation defines two values of y 
corresponding to each value of x, viz. + ^x. If x = 0, i/ = 0. Hence to the 
particular value 0 of x corresponds one and only one value of y. But if x is 
negative there is no value of y which satisfies the equation. That is to say, 
the function y is not defined for negative values of x. This function there- 
fore possesses the characteristic (3), but neither (1) nor (2). 

4. Consider a volume of gas maintained at a constant temperature and 
contained in a cylinder closed by a sliding piston*. 

Let A be the area of the cross-section of the piston and W its weight. 
The gas, held in a state of compression by the piston, exerts a certain 
pressure Pq per unit of area on the piston, which balances the weight W, 
so that W = Ap^. 

Let Vq be the volume of the gas when the system is thus in equilibrium. 
If additional weight is placed upon the piston the latter is forced down- 
wards. The volume (v) of the gas diminishes; the pressure (p) which it 
exerts upon unit area of the piston increases. Boyle’s experimental law 
asserts that the product of p and v is very nearly constant, a correspond- 
ence which, if exact, would be represented by an equation of the type 

pv = a (i), 

where o is a number which can be determined approximately by experi- 
ment. 

• I borrow this instructive example from Prof. H. S. Carslaw’s Introduction to 
the calculus. 
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Boyle’a law, however, only gives a reasonable approximation to the 
facts provided the gas is not compressed too much. When i; is decreased 
cmd p increased beyond a certain point, the relation between them is no 
longer expressed with tolerable exactness by the equation (i). It is known 
that a much better approximation to the true relation can then be found 
by means of what is known os ‘van der Waals’ law’, expressed by the 
equation . ^ 

= y (i>). 

where a, y are numbers which can also be determined approximately 
by experiment. 

Of course the two equations, even taken together, do not give anything 
like a complete account of the relation between p and v. This relation is no 
doubt in reality much more complicated, and its form changes, as v varies, 
from a form nearly equivalent to (i) to a form nearly equivalent to (ii). 
But, from a mathematical point of view, there is nothing to prevent us 
from contemplating an ideal state of things in which, for all values of v 
not less than a certain value F, (i) would be exactly true, and (ii) exactly 
true for all values of v less than V. And then we might regard the two equa- 
tions as together defining p as a function of v. It is on example of a function 
which for some values of v is defined by one formula and for other values 
of V is defined by another. 

This function possesses the characteristic (2): to any value of v only one 
value of p corresponds: but it does not possess (1). For p is not defined as 
a f unction of v for negative values of v; a ‘ negative volume ’ means nothing, 
and negative values of v are irrelevant. 

6. Suppose that a perfectly elastic ball is dropped (without rotation) 
from a height on to a fixed horizontal plane, and rebounds continually. 

The ordinary formulae of elementary dynamics, with which the reader 
is probably familiar, show that h= if h = \g{2T — t)^ if 

rStS^T. and generally 

^ h = \g{2nr-t)^ 

if (2n — 1) T ^ / ^ (2n -f 1) t, being the depth of the ball, at time below its 
original position. Here also is a function of t which is only defined for 
positive values of t, 

6. Suppose that y is defined as being the largest prime factor of x. This 
is an instance of a defiinition which only applies to a particular class of 
values of x, viz. integral values. ‘The largest prime factor of or of ^2 
or of TT * means nothing, and so our defining relation fails to define for such 
vedues of x as these. Thus this function does not possess the characteristio 
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(1). It possesses (2), but not (3), since there is no simple formula which 
expresses y in terms of x, 

7. Let y be defined as th€ denominator of x when x is expressed in its 
lowest terms. This is an example of a function which is defined if and only 
if X is rational. Thus y = 7ifx = — 11/7, but y is not defined for x = ^2, 


21. The graphical representation of functions. Sup- 
pose that the variable 2 / is a function of the variable x. It will 
generally be open to us also to regard a; as a function of y, in virtue 
of the functional relation between x and y. But for the present we 
shall look at this relation from the first point of view. We shall 
then call x the independent variable and y the dependent variable; 
and, when the particular form of the functional relation is not 
specified, we shall express it by writing 

y =f{x) 

(or F(x), </)(x), ijr{x)y as the case may be). 


The nature of particular functions may, in very many cases, be 
illustrated and made easily intelligible as follows. Draw two fines 
OXy OY at right angles to one another .y 
and produced indefinitely in both direc- 
tions . W e can represent values of x and y ^ 

by distances measured from O along the 

fines OXy OY respectively, regard being g p 

paid, of course, to sign, and the positive ^ 

directions of measurement being those ^ 

^ O a A 

indicated by arrows in Fig. 6. 

Let a be any value of x for which y 
is defined and has (let us suppose) the 
single value 6. Take OA = a, OB = 6, 
and complete the rectangle OAPB. 

Imagine the point P marked on the ^ 

diagram. This marking of the point P may be regarded as showing 
that the value of y for x = aisb. 


If to the value a of a; correspond several values of y (say 
by b'y b")y WO havo, instead of the single point P, a number of 
points P, P'y P"y .... 
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We shall call P the point (a,b)\ a and b the coordinates of P 
referred to the axes OX, OY\ a the abscissa, b the ordinate of P; 
OX and OY the axis of x and the axis of y, or together the axes 
of coordinates, and 0 the origin of coordinates, or simply the 
origin. 

Let us now suppose that for all values a of a; for which y is 
defined, the value b (or values b, b', b", ...) of y, and the corre- 
sponding point P (or points P, P', P", ...), have been determined. 
We call the aggregate of all these points the graph of the 
function y. 

To take a very simple example, suppose that y is defined as 
a function of x by the equation 

Ax-^By-\- C = 0 (1), 

where A, B, C are any fixed numbers*. Then i/ is a function of x 
which possesses all the characteristics (1), (2), (3) of §20. It is 
easy to show that the graph of y is a straight line. The reader is in 
all probability familiar with one or other of the various proofs of 
this proposition which are given in text-books of analytical 
geometry. We shall also say that the lociis of the point {x, y) is a 
straight line, that (1) is the equation of the locus, and that the 
equation represents the locus. 

The equation Ax-\- By -h C = 0 is the most general equation of 
the first degree in both x and y. Hence the general equation of the 
first degree represents a straight line. It is equally easy to prove 
the converse proposition that the equation of any straight line is 
of the first degree. 

We may mention a few further examples of interesting geo- 
metrical loci defined by equations. An equation of the form 
(a;-a)2 + (t/-/?)2 = p^, 

or x'^ + y'^-\-2Ox+2Fy + C = 0, 

where — (7 > 0, represents a circle. The equation 

Ax"^ -I- 2Hxy + By^ -l- 20x + 2Fy + C7 = 0 

• If B = 0, y does not occur in the equation. We must then regard y as a function 
of X defined for one value only of x, viz. x = - Cl A, and then having aU values. 
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(the general equation of the second degree) represents, assuming 
that the coefficients satisfy certain inequalities, a conic section, 
i.e. an ellipse, parabola, or hyperbola. For further discussion of 
these loci we must refer to books on analytical geometry. 

22 . Polar coordinates . In what precedes we have determined 
the position of P by the lengths of its coordinates OM = x,MP = y. 
If OP = r and MOP = d, d being an 
angle between 0 and 2n (measured in 
the positive direction), it is evident that N 

X = r cos dy y — r sin 
r = ^(x^ -h t/2), cos ^ : sin 0 : 1 : : X : 2 / : r, 
and that the position of P is equally 
well determined by a knowledge of r ^ ^ ^ 

and 6. Wq call r and d the polar coordi- ^ 

nates of P. The former, it should be observed, is essentially 
positive*. 

If P moves on a locus there wiU be some relation between r 
and Oy say r = f(6) or 6 = F(r). This we call the polar eqiuxtion 
of the locus. The polar equation may be deduced from the (x,y) 
equation (or vice versa) by means of the formulae above. 

Thus the polar equation of a straight line is of the form 
r cos {6 — oi) — p, 

where p and a are constants. The equation r = 2a cos 0 represents 
a circle passing through the origin; and the general equation of 
a circle is of the form 

— 2rc cos {0 — a) = 
where Ay c, and a are constants. 

• Polar coordinates are sometimes defined so that r may be positive or negative. 
In this case two pairs of coordinates — e.g. (1, 0) and ( - 1, tt ) — correspond to the 
same point. The distinction between the two systems may be illustrated by means 
of the equation Ijr = l - e cos 6, where />0, e>l. According to our definitions r 
must be positive and therefore cos d<l/e: the equation represents one branch only 
of a hyperbola, the other having the equation -Ijr = I - e cos B. With the system 
of coordinates which admits negative values of r, the equation represents the whole 
hyperbola. 
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23. Further examples of functions and their graphical 
representation. The examples which follow will give the 
reader a better notion of the infinite variety of possible types of 
functions. 


A. Polynomials. A 'polynomial in x is a function of the 
Go + ^1 + • • • + 

where Gq, drn constants. The simplest polynomials are 

the powers y — x, .... The graph of the function 

is of two distinct types, according as m is even or odd. 


First let m = 2. Then three points on the graph are (0, 0), 
(1, 1), ( — 1, 1). Any number of additional points on the graph 
may be found by assigning other special values to x\ thus the 


values 


X — 2f 3f — if — 2y 3 


give y = If 4, 9, If 4, 9. 


If the reader will plot off a fair number of points on the graph, he 
will be led to conjecture that the form of the graph is something 
like that shown in Fig. 8. If he 
draws a curve through the special 
points which he has proved to lie 
on the graph and then tests its 
accuracy by giving x new values, 
and calculating the correspond- 
ing values of y, he will find that 
they he as near to the curve as it 
is reasonable to expect, when the 
inevitable inaccuracies of drawing are considered. The curve is 
of course a parabola. 



( 0 , 0 ) 
Fig. 8 


There is, however, one fundamental question which we cannot 
answer adequately at present. The reader has no doubt some 
notion as to what is meant by a continuous curve, a curve without 
breaks or jumps; such a curve, in fact, as is roughly represented 
in Fig. 8. The question is whether the graph of the function 
t/ = a;* is in fact such a curve. This cannot be proved by merely 
constructing any number of isolated points on the curve, although 
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the more such points we construct the more probable it will 
appear. 

This question cannot be discussed properly until Ch. V. In 
that chapter we shall consider in detail what our common-sense 
idea of continuity really means, and how we can prove that such 
graphs as the one now considered, and others which we shall 
consider later on in this chapter, are really continuous curves. 
For the present the reader may be content to draw his curves as 
common sense dictates. 

It is easy to see that the curve y = is everywhere convex to the axis 
of X. Let Pq, (f'ig- 8) be the points xJ), x'l). Then the coordinates 
of a point on the chord Pq^i are x = AxQ-h/ix^, y = Xxl + where A 
and ji are positive numbers whose sum is 1. And 

t/-cc2 = (A-f /i) (A4-i-/t:ri)-(Aa:o + /AXi)2 = A/i(Xi - Xp)* > 0, 
so that the chord lies entirely above the curve. 

The curve y = similar toy = in general appearance, but 
flatter near 0, and steeper beyond the points A, A' (Fig. 9), and 
y = x^y where m is even and greater than 4, is still more so. As m 
gets larger and larger the flatness and steepness grow more and 
more pronounced, until the curve is practically indistinguishable 
from the tliick line in the figure. 




The reader should consider next the curves given by y = x”*, 
when m is odd. The fundamental difference between the two 
cases is that whereas when m is even { — x)^ = so liiat the 
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curve is symmetrical about OY, when m is odd ( — x)’” = — x"*, so 
that y is negative when x is negative. Fig. 10 shows the curves 
y = X, y = and the form to which y = x"* approximates for 
larger odd values of m. 

It is now easy to see how (theoretically at any rate) the graph 
of any polynomial may be constructed. In the first place, from 
the graph of y = we can at once derive that of Cx^, where C is 
a constant, by multiplying the ordinate of every point of the 
curve by C. And if we know the graphs of/(x) and F(x), we can 
find that of /(x) + F{x) by taking the ordinate of every point to 
be the sum of the ordinates of the corresponding points on the 
two original curves. 

The drawing of graphs of pol 3 momials is however so much 
facilitated by the use of more advanced methods, which will be 
explained later on, that we shall not pursue the subject further 
here. 

Examples XI. 1 . Trace the curves y = y = y = a:^®. 

[The reader should draw the curves carefully, and all three should be 
drawn in one figure*. He will then realise how rapidly the higher powers 
of X increase, as x gets larger and larger, and will see that, in such a 
polynomial as „ 4 

(or even + 30a:® -I- 700x^), it is the first term which is of really prepon- 
derant importance when x is fairly large. Thus even when x = 4, 
xi®> 1,000,000, while 30x®< 36,000 and 700x4 < 180,000; while if x = 10 
the preponderance of the first term is still more marked.] 

2. Compare the relative magnitudes of 

x^*, 1 ,000,000x®, 1 ,000,000, 000,000x 

when X = 1, 10, 100, etc. 

[The reader should make up a number of examples of this type for 
himself. This idea of the relative rate of growth of different functions of x is 
one with which we shall often be concerned in the following chapters.] 

• It will be found convenient to take the scale of measurement along the axis 
of ^ a good deal smaller than that along the axis of x, in order to prevent the figure 
becoming of an awkward size. 
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3. Draw the graph of ox* + 2hx + c. 

„ ac — b^ / 6\* 

[Here y =a(x + -). 

a \ a' 

If wo take new axes parallel to the old and peissing through the point 
X = —bla, y = {ac — b')la, the new equation is y' = ax'*. The curve is a 
parabola.] 

4 . Trace the curves = — 3x4-1, y = x*{x—l), y = x{x—l)*. 


24. B. Rational functions. The class of functions which 
ranks next to that of polynomials in simplicity and importance 
is that of rational functions. A rational function is the quotient 
of one polynomial by another: thus if P(x), Q{x) are polynomials, 
we may denote the general rational function by 


Rix) 


Pjx) 

Qi^r 


In the particular case when Q(x) is constant, R(x) reduces to 
a polynomial: thus the class of rational functions includes that 
of polynomials as a sub-class. The following points concerning 
the definition should be noticed. 


(1) We usually suppose that P{x) and Q{x) have no common factor 
r-fa or x^ -{■ax^~^ -\-bx^~* +kf all such factors being removed by 
division. 


(2) It should however be observed that this removal of common factors 
does as a rule change the function. Consider for example the function x/x, 
which is a rational function. On removing the common factor x we obtain 
1/1 = 1. But the original function is not always equal to 1; it is equal to 1 
only so long as x 0. If x = 0 it takes the form 0/0, which is meaningless. 
Thus the function x/x is equal to 1 if x 0 and is undefined when x = 0. It 
therefore differs from the function 1, which is always equal to 1. 

(3) Such a function os 


may be reduced, by the ordinary rules of algebra, to the form 

x®(x— 2) 

(x-l)2(x-hl)' 

which is a rational function of the standard form. But here again it must 
be r .oticod that the reduction is not always legitimate. In order to calculate 


U P M 


4 
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the value of a function for a given value of x we must substitute the value 
for X in the function in the form in which it is given. In this case the formula 
is meaningless for the values 2 ? = — 1, 1, 0, 2, and so the function is not 
defined for these values. The same is true of the reduced form, so far as 
the values — 1 and 1 are concerned. But x = 0 and x — 2 give the value 0. 
Thus once more the two functions are not the same. 

(4) But, as appears from the particular example considered under (3), 
there will generally be a certain number of values of x for which the 
function is not defined even when it has been reduced to a rational function 
of the standard form. Those are the values of x (if any) for which the 
denominator vanishes. 

(6) Generally we agree, in dealing with expressions such as those con- 
sidered in (2) and (3), to disregard the exceptional values of x for which 
such processes of simplification as were used there are illegitimate, and to 
reduce our function to the standard form of rational function. The reader 
will easily verify that (on this understanding) the sum, product, or quotient 
of two rational functions may themselves be reduced to rational functions 
of the standard type. And generally a rational function of a rational function 
is itself a rational function: i.e. if in 2 = P{y)IQ{y)f where P and Q ore 
polynomials, we substitute y = Pi{x)IQi{x), we obtain on simplification 
an equation of the form z = P|(x)/<?,(x). 

(6) It is in no way presupposed in the definition of a rational function 
that the constants which occur as coefficients should be rational numbers. 
The word rational has reference solely to the way in which the variable x 
appears in the function. Thus 

X* + X-f-y'3 

X^2 — 77 

is a rational function. 

The use of the word rational arises as follows. The rational function 
P{x)IQ(x) may be generated from x by a finite number of operations upon 
X, including only multiplication of x by itself or a constant, addition of 
terms thus obtained, and division of one function, obtained by such 
multiplications and additions, by another. In so far as the variable x is 
concerned, this procedure is very much like that by which all rational 
numbers can be obtained from unity, a procedure exemplified in the 
equation 

6_ l + l + lH-l-i-l 

3“ 1+1+1 

Again, any function which ceui be deduced from x by the elementeu^ 
operations mentioned above, using at eaoh stage of the process functions 
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which have already been obtained from x in the same way, can be reduced 
to the standard type of rational function. Thus 



4- 


2.T + 7 


, Il2:-3V2 

+ — 

9x+l 



can be reduced to the standard type of rational function. 


25. The graphical study of rational functions depends, even 
more than that of polynomials, on the methods of the differential 
calculus. We shall therefore content ourselves at present with a 
very few examples. 


Examples XII. 1. Draw the graphs of y = 1/a;, y = l/x*, y = l/x^ 

[The figures show the graphs of the first two curves. It should be 
observed that the functions are not defined for x = 0.] 


2. Trace 


1 

y = X + -, 
X 




1 

a'2’ 


ax-^ - 


taking various values, positive and negative, for a and 6. 




3. Trace 


x + 1 /x-f- 1'\* 1 x*-f 1 

X— l' \x— 1/ * (x— 1)** X*— l’ 


4. Trace 1 / = l/(x — o) (x — 6), l/(x — o) (x — 6) (x — c), where o<6<c. 


6. Sketch the general form assumed by the curves y = 1/x”* as m 
becomes larger and larger, considering separately the cases in which m is 
odd or even. 
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26. C. Explicit algebraical functions. The next im- 
portant class of functions is that of explicit algebraical functions. 
These are functions which can be generated from a; by a finite 
number of operations such as those used in generating rational 
functions, together with a finite number of operations of root 
extraction. Thus 




^x + ^{x + ^x), 


/ x^ + x + ^3 \i 

\ x^2-tt ) 


are explicit algebraical functions, and so is (i.e. where m 
and n are any integers. 


It should be noticed that there is an ambiguity of notation 
involved in such an equation as y = ^x. We have up to the present 
regarded >^2, for example, as denoting the positive square root 
of 2, and it would be natural to denote by ^x^ where x is any 
positive number, the positive square root of x, in which case 
y = yjx would be a one-valued function of x. It is however often 
more convenient to regard ^x as standing for the two-valued 
function whose two values are the positive and negative square 
roots of X. 


The reader will observe that, when this course is adopted, the 
function ^x differs fundamentally from rational functions in two 
respects. In the first place a rational function is always defined 
for all values of x with a certain number of isolated exceptions. 
But .Jx is undefined for a whole range of values of x (i.e. all negative 
values). Secondly the function, when x has a value for which it 
is defined, has generally two values of opposite signs. 

The functions ^x, on the other hand, is one- valued and defined 
for all values of x. 


Examples XIII. 1. ^{(x — a) (h — x)], where a <6, is defined only for 
a ^ X ^ 6. If a < X < 6, it heis two values ; if x = o or 6, only one, viz. 0. 

2. Consider similarly 

^{(x — a) (x — 6) (x — c)} (o<6<c), 

V{x(x*-o*)}, ^{{x-a)^{h-x)} (a<6). 


V(l+x) -V(l-x) 
^{\+x) + yl(\-xy 


^(x + ^x). 
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3. Trace the curves y* = a;, y* = x, y* = 
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4. 


Draw the graphs of the functions y = — V — ^ 



27. D. Implicit algebraical functions. It is easy to 
^ V(l+x)-^ ' (l-x) 

n+yy ^(i+xf 
\l-y) (1-xr 

y = ^x + ^l(x + ^x) 

— (4y2 _j_ + 1) a; = 0. 

Each of these equations may be expressed in the form 

+ + = 0 ( 1 ), 

where Rjn. rational functions of x\ and the reader 

will easily verify that, if y is any one of the functions considered 
in the last set of examples, then y satisfies an equation of this 
form. It is naturally suggested that the same is true of any 
exphcit algebraic function. And this is in fact true, and indeed 
not difficult to prove, though we shall not delay to write out a 
formal proof here. An example should make clear to the reader 
the lines on which such a proof would proceed. Let 

+ ^[x + ^Jx) +^(l+x) 

^ x-y/x + ^{x-\-^x)-^'(l+x)’ 


verify that if 

then 

and if 
then 


Then 


x-\-u + v + w 
x—u+v—w" 


= x, v^ = x-\-Uy w^=l-\-x; 

and we have only to eliminate u, v, w between these equations in 
order to obtain an equation of the form desired. 

We are therefore led to give the following definition: y is an 
algebraical function of x, of degree m, if it is a root of an equation 
of degree m in y whose coefficients are rational functions of x. 
There is no real loss of generality in supposing that, as in equation 
(1), the first coefficient is unity. 
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This class of functions includes all the exphcit algebraical 
functions considered in § 26. But it also includes other functions 
which cannot be expressed as exphcit algebraical functions. For 
it is known that in general such an equation as (1) cannot be 
solved explicitly for y in terms of x, when m is greater than 4, 
though such a solution is always possible if m = 1, 2, 3, or 4 and 
in special cases for higher values of m. 

The definition of an algebraical function should be compared 
with that of an algebraical number given in the preceding 
chapter (Misc. Ex. 36). 

Examples XIV. 1. If m = 1, i/ is a rational function. 

2. If m = 2, the equation is y + -Rg = 0, so that 

!/= 

This function is defined for all values of x for which 4i?j. It has two 
values if R\> and one if R\ = 4i?j. 

If m = 3 or 4, we can use the methods explained in treatises on algebra 
for the solution of cubic and biquadratic equations. But os a rule the 
process is complicated and the results inconvenient in form, and we can 
study the properties of the function better by means of the original 
equation. 

3. Consider the functions defined by the equations 

y* - 2?/ - X* = 0, y* - 2y + X* = 0, - 2y^ + x* = 0, 

in each case obtaining 1 / as an explicit function of x, and stating for what 
values of x it is defined. 

4. Find algebraical equations, with coefficients rational in x, satisfied 
by each of the functions 

^x + ^(\lx), ^x-\-^j(\lx), ^{x + ^x), ^{x + ^(x-\-^x)). 

6. Consider the equation t/* = x®. 

[Here y* = ± x. If x is positive, y = ^x\ii negative, y = Thus the 

fimction has two values for all values of x save x = 0.] 

6. An algebraical function of an algebraical function of x is itself an 
algebraical function of x. 

[This may be proved on the general lines of Exs. 37 and 38, pp. 38 and 
39. We start from equations 

y”'-\-Ri{z)y^-^ + ... + R^{z) = 0. S^{x)z^-^ + S^(x) = 0, 

with rational coefficients, and form the product 

n {y" + >/”•-> + . . . + 

extended over the n roots 2* of the second equation.] 
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7. An example should perhaps be given of an algebraical function 
which cannot be expressed in an explicit algebraical form. Such an example 
is the function y defined by the equation 

y^-y-x = 0 . 

But the proof that we cannot express y explicitly in terms of x is difBoult, 
and cannot be attempted here. 

28. Transcendental functions. All functions of x which 
are not algebraical are called transceTidcntal functions. The 
definition is negative. We do not attempt any systematic 
classification of the transcendental functions, but we can pick 
out one or two sub-classes of particular importance. 

E. The direct and inverse trigonometrical or circular 
functions. These are the sine and cosine functions of elementary 
trigonometry, their inverses, and the functions derived from 
them. We may assume provisionally that the reader is familiar 
with their most important properties*. 

Examples XV. 1. Draw the graphs of 

cosic, sin a:, o cos a: -f 6 sin x. 

[Since a cos x -H 6 sin x = y^co3(x — a), where + and a is an 

angle whose cosine and sine are al^{a^ 6®) and 6/^(a® -|- 6*), the graphs of 
these three functions are similar in character.] 

2. Draw the graphs of cos®x, sin^x, a cos® x 4- & sin* x. 

3. Suppose the graphs of /(x) and F(x) drawn. Then the graph of 

/(x) cos® X -H F{x) sin* x 

is a wavy curve which oscillates between the curves y =/(x), y = F(x), 
Draw the graph when /(x) = x, F{x) = x*. 

4. Show that the graph of cospx + cosqx lies between those of 

2co 3 J(p — g)x and — 2co3 i(p 4 -( 7 )x, touching each in turn. Sketch the 
graph when (p — g)/(p -I- g) is small. {Math. Trip. 1908) 

6. Draw the graphs of x -f sin x, ( 1 /x) + sin x, x sin x, (sin x)/x. 

6. Draw the graph of sin ( 1/x). 

[If y = sin (1/x), then y = 0 when x = l/mTr, where m is emy integer. 
Similarly y = \ when x = l/(2m-{- J)7r and ?/ = — 1 when x = l/(2m — J);r. 

* The definitions of the circular functions given in elementary trigonometry 
presuppose that any sector of a circle has associated with it a definite number called 
its area. How this assumption is justified will appear in Chs. VTI and IX. 
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The curve ie entirely comprised between the lines y = — 1 and y = 1 
(Fig. 13). It oscillates up and down, the rapidity of the oscillations 
becoming greater and greater as x approaches 0. For ® = 0 the function is 
undefined. When x is large y is small*. The negative half of the curve is 
similar in character to the positive half.] 

7 . Draw the graph of x sin (l/x). 

[This curve is comprised between the lines y = —x and y — x just as the 
curve of Ex. 6 is comprised between the lines y = — 1 and y = 1 (Fig. 14).] 

■T7 




8. Draw the , 

, . 1 
x^ sin - , 

X 

9. Draw the graphs of cosx', sinx^, o cos x® -1-6 sin x*. 

10. Draw the graphs of arc coax and arc sin x (the inverse cosine and 
sine, sometimes written cos'^x and sin~^x). 

[If y = arc cosx, x = cos y. This enables us to draw the graph of x, con- 
sidered as a function of y, and the same curve shows y as a function of x. 
It is clear that y is only defined for — 1 ^x^ 1, and is infinitely many- 
valued for these values of x. As the reader no doubt remembers, there is» 
when — 1 < X < 1, a value of y between 0 and tt, say a, and the other values 
of y are given by the formula 2n7r ± a, where n is any integer.] 

11. Draw the graphs of 

tanx, cotx, secx, oosecx, tan^x, cot^x, sec*x, cosec* x. 

• See Cha. IV and V for explanations of the precise meaning of this phrase. 
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12. Draw the graphs of arcteinx, arc cot x, arc sec a:, arccoseoa?. Give 
formulae (as in Ex. 10) expressing all the values of each of these functions 
in terms of any particular value. 

13. Draw the graphs of tEui(l/x), oot(l/x), b©c(1/x), co8eo(l/x). 

14. Show that cos x and sin x are not rational functions of x. 

[A function is said to be periodic^ with period a, if f(x) =f(x + a) for all 
values of x for which f(x) is defined. Thus cos a; and sinx have the period 
271. It is easy to see that no periodic function can be a rational function, 
unless it is a constant. For suppose that 

f(x) = P(x)IQ(x), 

where P and Q are polynomials, and that f{x) =/(x + a), each of these 
equations holding for all values of x. Let /(O) = k. Then the equation 
P{x) — kQ{x) = 0 is satisfied by an infinite number of values of x, viz. 
X = 0, a, 2a, etc., and therefore for all values of x. Thus/(x) = k for all 
values of x, i.e./(x) is a constant.] 

16. Show, more generally, that no function with a period can be an 
algebraical function of x. 

[Let the equation which defines the algebraical function be 

y-' + Riy’-^+... + R„ = 0 (1), 

where R^ R„ are rational functions of x. This may be put in the form 

+ + = 0, 

where Pq, Pi, ■ • Pm are poljmomials in x. Arguing os above, we see that 
P^k^ + P^k^-^ + P„ = 0 

for all values of x. Hence y = k satisfies the equation ( 1 ) for all values of x, 
and one set of values of our algebraical function reduces to a constant. 

Now divide (1) by y — k and repeat the argument. Our final conclusion 
is that our algebraical function has, for any value of x, the same set of 
values k, k', i.e. it is composed of a certain number of constants.] 

16. The inverse sine and inverse cosine are not rational or algebraical 
functions. [This follows from the fact that, for any value of x between 
— 1 and + 1, arc sin X and arc cos x have infinitely many values.] 

29. F. Other classes of transcendental functions. Next 
in importance to the trigonometrical functions come the ex- 
ponential and logarithmic functions, which will be discussed in 
Chs. IX and X. But these functions are beyond our range at 
present. And most of the other classes of transcendental functions 
whose properties have been studied, such as the elliptic functions, 
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Bessers and Legendre’s functions, gamma-functions, and so 
forth, lie altogether beyond the scope of this book. There are 
however some elementary types of functions which, though 
of much less importance theoretically than the rational, 
algebraical, or trigonometrical functions, are particularly instruc- 
tive as illustrations of the possible varieties of the functional 
relation. 

Examples XVI. 1. Let y = [x], where [x] denotes the greatest 
integer not greater than x. The graph is shown in Fig. 15o. The left-hand 
end points of the thick lines, but not the right-hand ones, belong to the 
graph. 



Fig. 15(? Fig. I5d 

2. y = x-[x]. (Fig. 156.) 3. y = yj{x-[x]}, (Fig. 16c.) 

4. y = [x] + yl{x-[x]}. (Fig. 16d.) 5. !/ = (x - [x])*, [x] (x- [x])\ 

6. !/ = yxl [X*], x«-[x«], [1-x*]. 
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7. Let y be defined as the largest prime factor of x (of. Ex. x, 6). Then 
y is defined only for integral values of x. If 

X = 1, 2, 3, 4, 6, 6, 7, 8, 9, 10, 11, 12, 13, 
then y = 1, 2, 3, 2. 6, 3, 7, 2, 3, 5,11, 3,13,.... 

The graph consists of a number of isolated points. 

8. Let y be the denominator of x (Ex. x. 7). In this case y is defined 
only for rational values of x. We can mark off os many points on the graph 
as we please, but the result is not in any ordinary sense of the word a 
curve, and there are no points corresponding to any irrational values 
of X. 

Draw the straight line joining the points {N — 1, A^), {N, N), where N is 
a positive integer. Show that the number of points of the locus which lie 
on this Une is equal to the number of positive integers less than and prime 
to N, 

9. Let y = 0 when x is an integer, y = x when x is not an integer. The 
graph is derived from the straight line y = x by taking out the points 

..,(- 1 ,- 1 ), ( 0 , 0 ), ( 1 , 1 ), ( 2 , 2 ), 

and adding the points ( — 1, 0), (0, 0), (1,0), ... on the axis of x. 

10. Let y = 1 when x is rational, but y = 0 when x is irrational. The 
graph consists of two series of points arranged upon the lines y = 1 and 
y = 0. To the eye it is not distinguishable from two continuous straight 
lines, but in reality an infinite number of points are missing from each line. 

1 J . Let y — X when x is irrational and y = ^J{( 1 -\-p^)l( 1 + q^)} when x 
is a rational fraction pjq. 

The irrational values of x contribute to the graph a curve in reality 
discontinuous, but apparently not to be distinguished from the straight 
line y = X. 

Now consider the rational values of x. First let x be positive. Then 
^{(1 +p*)/( I +g*)} cannot bo equal to pjq unless p = q, i.e. x = 1. Thus all 
the points which correspond to rational values of x lie off the line, except 
the one point (1,1). Again, if p<g, ^J{{^ +P^)I{^ '■^q^)]>plqi if P>q> 
V{(1 +p“)/(l -f g*)} <p/g. Thus the points he above the line y = xif0<x< 1, 
below if x> 1. If p and g are large, ^J{{l-\-p^)l{ 1 -f g*)) is nearly equal to p/q. 
Near any value of x we con find any number of rational fractions with 
large numerators and denominators. Hence the graph contains a large 
number of points which crowd round the line y = x. Its general apj>ear- 
ance (for positive values of x) is that of a line surrounded by a swarm of 
isolated points which gets denser and denser os the points approach the 
line. 
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The part of the graph which corresponds to negative values of x consists 
of the rest of the discontinuous line together with the reflections of all 
these isolated points in the axis of y. Thus to the left of the axis of y the 
swarm of points is not round y = x but round y = — x, which is not itself 
part of the graph. 

30. Graphical solution of equations containing a single 
unknown number. Many equations can be expressed in the 

/(^) = 4>i^) ( 1 ). 

where /(a:) and <f>(x) are functions whose graphs are easy to draw. 
And if the curves ^ ^ ^ 

intersect in a point P whose abscissa is then ^ is a root of the 
equation (1). 

Examples XVII. 1. The quadratic equation ax^ + 2bx + c = 0. 
This may be solved graphically in a variety of ways. For instance we may 
draw the graphs of ^ + 26, y = - cjx, 

whose intersections, if any, give the roots. Or we may take 
y = xS y = -(26x + c)/a. 

See also Ex. vii. 2. 

2. Solve by any of these methods 

xa + 2x-3 = 0, x2-7x+4 = 0, 3x» + 2x-2 = 0. 

3. The equation x”' + ax + 6 = 0. This may be solved by constructing 

the curves y = x”*, y = —ax — b. Verify the following table for the number 
of roots of x”- + ax + 6 = 0: 

, , (b positive, two or none, 

(а) m even < , 

\b negative, two, 

,,, ,, ra positive, one, 

(б) modd { ^ 

(a negative, three or one. 

Construct numerical examples to illustrate all possible cases. 

4. Show that the equation tan x = ox + 6 has always an infinite number 
of roots. 

5. Determine the number of roots of 

sinx = X, sinx = Jx, sinx = Jx, sinx = i^^x. 

6. Show that if o is small and positive (o.g. a= -01), the equation 

x-a = ^TTsin^x 

has three roots. Consider also the case in which o is small and negative. 
Explain how the number of roots varies as o varies. 


fa 

(6) m odd f ^ 
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31. Functions of two variables and their graphical 
representation. In § 20 we considered two variables oonnected 
by a relation. We may similarly consider three variables (z, 
and z) connected by a relation such that when the values of x and 
y are both given, the value or values of z are known. In this case 
we call z Sb function of the two variables x and y\ x and y the in- 
dependent variables, z the dependent variable; and we express 
this dependence of z upon x and y by wTiting 

The remarks of § 20 may aU be applied, mutatis mutandis, to this 
more complicated case. 

The method of representing such functions of two variables 
graphically is the same in principle as for functions of a single 
variable. We take three axes OX, OY, OZ in space of three 
dimensions, each axis being perpendicular to the other two. The 
point (a, 6, c) is the point whose distances from the planes YOZ, 
ZOXy XOY, measured parallel to OX, OY, OZ, are a, b, and c. 
Regard must of course be paid to sign, lengths measured in the 
directions OX, OY, OZ being regarded as positive. The defini- 
tions of coordinates, axes, and origin are the same as before. 

Now let 2 ;=/(a:, y). 

As x and y vary, the point {x,y,z) will move in space. The 
aggregate of all the positions it assumes is called the locus of the 
point [x,y,z) or the graph of the function z =f{x,y). When the 
relation between x, y, and z which defines z can be expressed in an 
analytical formula, this formula is called the equation of the locus. 
It is easy to show, for example, that the equation 
Ax -\-By-\-Cz-{-D = 0 

(the general equation of the first degree) represents a plane, and 
that the equation of any plane is of this form. The equation 
{x-aY + iy-Pf + iz-jY' = p*, 
or ^-y"^ ^-z"^ -\-2Fx-\-20y -^2Hz-\- C = 0, 

where represents a sphere', and so on. For 

proofs of these propositions we must again refer to text-books of 
analytical geometry. 
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32. Curves in a plane. We have hitherto used the notation 

y=/(x) (1) 

to express functional dependence of y upon x. It is evident that 


this notation is most appropriate in the case in which y is defined 
by an explicit formula in x. 

We have however very often to deal with functional relations 
which it is impossible or inconvenient to express in this form. 
If, for example, y^ — y — x = Q or -{-y^ — ay = 0, it is known to 
be impossible to express y explicitly as an algebraical function 

If x^ + y‘^+20x + 2Fy+C = 0, 

then y = — F ^{F^ — x'^ — 2Gx— C)\ 

but the functional dependence of y upon x is more simply ex- 
pressed by the original equation. 

In all these cases the functional relation is expressed by 
equating a function of the two variables x and y to zero, i.e. by means 
of an equation f{x,y) = 0 (2). 

We shall adopt this equation as the standard method of expressing 
the functional relation. It includes the equation (1) eis a special 
case, since y—f{x) is a special form of a function of x and y. We 
can then speak of the locus of the point (x, y) subject to f{x, y) — 0, 
the graph of the function y defined by f(x,y) = 0, the curve or 
locus f(x,y) = 0, and the equation of this curve or locus. 

There is another method of representing curves w^hich is often 
useful. Suppose that x and y are both functions of a third 
variable t, which may or may not have some particular geo- 
metrical significance. We may write 

X =/(<), y = F{t) (3). 

If a particular value is assigned to t, the corresponding values of 
X and of y are known. Each pair of such values defines a point 
{x, y). If we construct all the points which correspond in this way 
to different values of t, we obtain the graph of the locus defined by 
the equations (3). Suppose for example 

a: = a cos y — a sin t. 
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Let t vary from 0 to 27r. Then it is easy to see that the point (x, y) 
describes the circle whose centre is the origin and whose radius 
is a. If ^ varies beyond these limits, (x, y) describes the circle 
over and over again. 

Elimination of t gives x^ + t/^ = a^, the ordinary equation of 
the circle. 

Examples XVIII. 1. The points of intersection of the two curves 
whose equations are/(x, y) = 0, ^(a*, y) = 0, where / and (j> are polynomials, 
can be determined if these equations can be solved os a pair of simul- 
taneous equations in x and y. The solution generally consists of a finite 
number of pairs of values of x and y. The two equations therefore generally 
represent a finite number of isolated points. 

2. Trace the curves (x-\-y)‘^ = 1, xy = 1, x^~y*= 1. 

3. The curve f{x,y) + X(f){x,y) = 0 represents a curve passing through 
the points of intersection of / = 0 emd ^ = 0. 

4. What loci are represented by 

(a) I = at + b, y = cl + d, (fi) - = | 

a 1+^- 0 

when t varies through all real values ? 

33. Loci in space. In space of three dimensions there are 
two fundamentally different kinds of loci, of which the simplest 
examples are the plane and the straight line. 

A particle which moves along a straight line has only one 
degree of freedom. Its direction of motion is fixed; its position can 
be completely fixed by one measurement of position, e.g. by its 
distance from a fixed point on the line. It we take the line as our 
fundamental line A of Ch. I, the position of any of its points is 
determined by a single coordinate x. A particle which moves in 
a plane, on the other hand, has two degrees of freedom; to fix its 
position requires the determination of two coordinates. 

A locus represented by a single equation 

z =f(^Aj) 

plainly belongs to the second of these two classes of loci, and is 
called a surface. It may or may not satisfy our common-sense 
notion of what a surface should be. 
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The considerations of § 31 may evidently be generalised so as 
to give definitions of a function /(a:, y,z) of three variables (or of 
functions of any number of variables). And as in § 32 we agreed 
to adopt f{Xy 2 /) = 0 as the standard form of the equation of a 
plane curve, so now we shall agree to adopt 

f{x, y,z) = 0 

as the standard form of equation of a surface. 

The locus represented by two equations of the form z = f[x, y) 
OT f{x,y,z) = 0 belongs to the first class of loci, and is called a^ 
curve. Thus a straight line may be represented by two equations 
of the type Ax-{- By-\- Cz + i) = 0. A circle in space may be re- 
garded as the intersection of a sphere and a plane; it may therefore 
be represented by two equations of the forms 

{x — a)2 + (y - PY" + (2 — jY = + By -\~Cz-\-D = 0. 

Examples XIX. 1. What is represented by three equations of the 
type/(x,t/, 2 ) = 0? 

2. Three linear equations in general represent a single point. What are 
the exceptional cases? 

3. What are the equations of a plane curve /(x, 1 /) = 0 in the plane 
XOYt when regarded as a curve in space? [f(x, y) = 0, 2 = 0.] 

4. Cylinders. What is the meaning of a single equation /(x, y) = 0, 
considered as a locus in space of three dimensions ? 

[All points on the surface satisfy /(x, y) = 0, whatever be the value of 2 . 
The curve /(x, y) = 0, 2 = 0 is the curve in which the locus cuts the plane 
XOY. The locus is the surface formed by drawing lines parallel to OZ 
through all points of this curve. Such a surface is called a cylinder.'] 

6. Graphical representation of a surface on a plane. Contour 
maps. It might seem to be impossible to represent a surface adequately 
by a drawing on a plane; but a very fair notion of the nature of the 
surface may often be obtained as follows. Let the equation of the surface 
be 2 =/(x,y). 

If we give 2 a particular value a, we have an equation /(x, y) = a, which 
we may regard as determining a plane curve on the paper. We trace this 
curve and mark it (a). Actually the curve (a) is the projection on the plane 
XOY of the section of the surface by the plane z = a. We do this for all 
values of a (practically, of course, for a selection of values of a). W© obtain 
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801X16 8 Uoh figure as is shown in Fig. 1 6 . It will at once suggest a contoured 
Ordnance Survey map: and in fact this is the principle on which such maps 
ore constructed. The contour line 1000 is the projection, on the plane of 
the sea level, of the section of the surface of the land by the plane parallel 
to the plane of the sea level and 1000 ft. above it*. 



6. Draw a series of contour lines to illustrate the form of the surface 
2z = 3xy. 

7. Right circular cones. Take the origin of coordinates at the 
vertex of the cone and the axis of z along the axis of the cone; and let a be 
the semi -vertical angle of the cone. The equation of the cone (which must 
be regarded as extending both ways from its vertex) is 

+ y* — z* tan* a = 0. 

8. Surfaces of revolution in general. The cone of Ex. 7 cuts ZOX in 
two lines whose equations may be combined in the equation x* = z* tan* a. 
That is to say, the equation of the surface generated by the revolution of 
the curve y = 0, a;* = z* tan* a round the axis of z is derived from the 
second of these equations by changing x* into x* + 1 /*. Show generally that 
the equation of the surface generated by the revolution of the curve 
y = 0, X = /(z), round the axis of z, is 

V(a;* + y*) =f{z), 

9. Cones in general. A surface formed by straight lines passing 
through a fixed point is called a cone: the point is called the vertex, A 
particular case is given by the right circular cone of Ex. 7. Show that the 
equation of a cone whose vertex is O is of the form fizjx^ zjy) = 0, and that 
any equation of this form represents a cone. [If (x, y, z) lies on the cone, 
BO must (Xx, Ay, Az), for any value of A.] 

* We afisume that the effects of the earth’s curvature may be neglected. 


H P II 


5 
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10. Ruled surfaces. Cylinders and cones are special cases of surfaces 
composed of straight lines. Such surfaces are called ruled surfaces. 

The two equations , * , , 

represent the intersection of two planes, i.e. a straight line. Now suppose 
that a, 6, c, d instead of being fixed are functions of an auxiliary variable t. 
For any particular value of t the equations (1) define a line. As t varies, 
this line moves and generates a surface, whose equation may be found 
by eliminating t between the two equations (1). For instance, in Ex. 7 
the equations of the line which generates the cone are 
X = z tan a cos t, y = z tan a sin 

where t is the angle between the plane XOZ and a plane through the line 
and the axis of z. 

Another simple example of a ruled surface may be constructed as follows. 
Take two sections of a right circular cylinder perpendicular to the axis and 
at a distance I apart (Fig. 17 a). We can imagine the surface of the cylinder 
to be made up of a number of thin parallel rigid rods of length Z, such as 
PQ, the ends of the rods being fastened to two circular rods of radius a. 

Now let us take a third circular rod of the same radius and place it 
round the surface of the cylinder at a distance h from one of the first two 
rods (see Fig. 17 a, where Pq = h). Unfasten the end Q of the rod PQ and 
turn PQ about P until Q can be fastened to the third circular rod in the 
position Q\ The angle qOQ' = a in the figure is given by 
— = gQ '2 _ (2a8in Ja)^. 

Let all the other rods of which the cylinder was composed be treated in the 
same way. We obtain a ruled surface whose form is indicated in Fig. 17 6. 
It is entirely built up of straight lines ; but the surface is curved everywhere, 
and is in general shape not unlike certain forms of table-napkin rings 
(Fig. 17 c). 



Fig. 17 a 


Fig. 176 


Fig. 17fl 
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MISCELLANEOUS EXAMPLES ON CHAPTER 11 


1 . Show that ify =f{x) = (ax + b)l(cx-a) then x =f{y). 

2. K/(x) =/(-x) for all values of x, f{x) is called an function. 
II/(^) — ”/( called an odd function. Show that any function of 
Xf defined for all values of x, is the sum of an even and an odd function 
of X, 


[Use the identity /(x) = J{/(x) +/{ - x)} + J{/(x) -/{ - x)}.] 

3. Draw the graphs of the functions 


3 sin X + 4 cos x, sin 
4 . Draw the graphs of the functions 


V2 


sinx 1 . (Math. Trip. 1896) 


sinx \ * 


• 1 . o V Kinx, „ .... /8inx \ 

8mx(aco8*x + 6Bm*x), (acos®x4-6sm^x), ( \ 


5. Draw the graphs of the functions x[l/x], [x]/x. 

6. Draw the graphs of the functions 

(i) arGC08(2x®— 1) — 2arcco3x, 
a + X 

(ii ) arc tan arc tan a — arc tan x, 

1 — ox 


where the symbols arc cos a, arc tan a denote, for any value of a, the least 
positive (or zero) angle, whose cosine or tangent is a. 

7. Verify the following method of constructing the graph of f{<}>(x)) by 
moans of the fine y = x and the graphs of/(x) and (p{x): take OA = x along 
OXy draw AB parallel to OF to meet y = (j)(x) in B, BC parallel to OX to 
meet y = x in ( 7 , CD parallel to O F to meet y = f{x) in D, and DP parallel 
to OX to meet in P; then P is a point on the graph required. 

8. Show that the roots of x® +px + g = 0 are the abscissae of the points 

of intersection (other than the origin) of the parabola y = and the circle 

x‘^Ay^A(p-^)yAqx = 0. 

9. The roots of x^ + nx® + px® + gx + r = 0 are the abscissae of the points 
of intersection of the parabola x* = t/ — \nx and the circle 

+ + — Jpn + in + g)x + (p— 1 — Jn2)y + r = 0. 

10. Discuss the graphical solution of the equation 

x"* + ax® + 6x + c = 0 

by meems of the curves y = x”*, J/ = ” — bx — c. Draw up a table of the 

various possible numbers of roots. 

5-a 
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11. Solve the equation sec 6 + coseo 6 = 2^2; and show that the equa- 
tion sec d + cosec d = c has two roots between 0 and 2;^ if o* < 8 and four 
if c* > 8. 

12. Show that the equation 

2x = (2n+ 1) 7t(1 — cos a;), 

where n is a positive integer, has 2n + 3 roots and no more, indicating 
their localities roughly, (Math, Trip, 1896) 

13. Show that the equation fxsina; = 1 has four roots between —77 
and 77. 

14. Discuss the number and values of the roots of the equations 

(1) cotx-\-x—^7T = Of (2) x* + Bin*a;=l, (3) (1 + x*) tanx = 2a;, 
(4) sin X — X 4- = 0, (6) (1 —cos x) tana — x + sinx = 0. 

16. The polynomial of the second degree which assumes, when x = a, 
b, c, the values a, /?, y is 

^ (x-6)(x-c) (x~c)(x-o) ( x-a)(x-h) 

^(a — h)(a — c) (b — c)(b — a) (c — a) (c — b)* 

Give a similar formula for the polynomial of the (n— l)th degree which 
assumes, when x = a^, Oj, a„, the values a^, a^, ..., a„, 

16. Find a polynomial in x of the seccrd degree which for the values 

0, 1, 2 of X takes the values 1/c, l/(cH- 1), l/(c + 2); and show that when 
a; = 0+2 its value is l/(o4 1). (Math, Trip, 1911) 

17. Show that if x is a rational function of y, and y is a rational function 
of X, then Axy + Bx -1- Cy + D = 0. 

18. K t/ is on algebraical function of x, then x is an algebraical function 
of 3/. 

19. Verify that the equation 

cos Jttx =1 

* + (1-0:)^ 

is approximately true for all values of x between 0 and 1. [Take x = 0, J, J, 
I , J, 1, and use tables. For which of these values is the formula exact?] 

20. What is the form of the graph of the functions 

z = [x] + [ 2 /], z = a; + i/-[x]-[ 2 /]? 

21. WTiat is the form of the graph of the functions z = sinx + siny, 
* = sin X sin y, 2 = sin xy, z = sin (x* + y*) ? 

22. Geometrical constructions for irrational numbers. In Oh. I 
we indicated one or two simple geometrical constructions for a length 
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equal to -y/2, starting from a given unit length. We also showed how to 
construct the roots of any quadratic equation ax^ 2hx c = 0, it being 
supposed that we can construct lines whose lengths are equal to any of 
the ratios of the coefficients a, 6, c, as is certainly the case if a, 6, c are 
rational. All those constructions were what may be called Euclidean 
constructions; they depended on the ruler and compasses only. 

It is fairly obvious that we can construct by these methods the length 
measured by any irrational number which is defined by any combination 
of square roots, however complicated. Thus 

*/l // 17-3V11 M 

V iv Viv-sviiy V \i7 + 3Vii/J 

is a case in point. This expression contains a fourth root, but this is of 
course the square root of a square root. We should begin by constructing 
^11, e.g. as the mean between 1 and 11: then 17 + 3^11 and 17-3711. and 
so on. Or those two mixed surds might be constructed directly os the 
roots of r* — 34r + 190 = 0. 

Conversely, only irrationals of this kind can be constructed by Euclidean 
methods. Starting from a unit length we can construct any rational length. 
And hence wo con construct the lino Ax + By + (7 = 0, provided that the 
ratios of .4, B, C are rational, and the circle 

{i-a)* + (y-/?)> = 

(or x^ y^ 2gx ^fy + c = 0), provided that a, fl, p are rational, a con- 
dition which implies that g,/, c are rational. 

Now in any Euclidean construction each new point introduced into the 
figure is determined as the intersection of two lines or circles, or a line and 
a circle. But if the coefficients are rational, such a pair of equations os 

Ax-\-By-\-G = Qy x^ + 2gx 2fy c = 0 

give, on solution, values of x and y of the form m + n 7 p. where m, n, p are 
rational: for if we substitute for x in terms of y in the second equation we 
obtain a quadratic in y with rational coefficients. Hence the coordinates 
of all points obtained by means of lines and circles with rational coefficients 
are expressible by rational numbers and quadratic surds. And so the same 
is true of the distance between any two points so 

obtained. 

With the irrational distances thus constructed we may proceed to 
construct a number of lines and circles whose coefficients may now them- 
selves involve quadratic surds. It is evident, however, that all the lengths 
which we can construct by the use of such lines and circles are still expros- 
iible by square roots only, though our surd expressions may now be of a 
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more complicated form. And this remains true however often our con- 
structions are repeated. Hence EvLclidean methods will constriict any surd 
expression involving square roots only, and no others. 

One of the famous problems of antiquity was that of the duplication of 
the cube, that is to say of the construction by Euclidean methods of a 
length measured by ^2. It can be shown that -^2 cannot be expressed 
by means of any finite combination of rational numbers and square 
roots, so that no solution is possible. See Hobson, Squaring the circle^ 
pp. 47 et seq.'y the first stage of the proof, viz. the proof that ,^2 cannot be 
a root of a quadratic equation ax^ + 2hx + o = 0 with rational coefficients, 
was given in Ch. I (Misc. Exs. 27). 

23. Show that the only lengths which can be constructed with the ruler 
only, starting from a given unit length, are rational lengths. 


24. Approximate quadrature of the circle. Let 0 be the centre of 
a circle of radius R. On the tangent at A take AP = and AQ = ^R, 
in the same direction. On AO take AN = OP £tnd draw NM parallel to 
OQ and cutting AP in M. Show that 

and that to take AM as being equal to the circumference of the circle 
would lead to a value of n correct to five places of decimals. If I? is the 
earth’s radius, the error in supposing AM to be its circumference is less 
than 11 yards. 

[We stated in § 15 that n is transcendental; but we cannot prove in this 
book even that it is irrational. This was proved first by Lambert in 1761 
by use of continued fractions. 

The most familiar approximations to n are V aud ff the last correct 
to 6 places of decimals. The Indians used the approximation ^^10 (in error 
in the second place). A large number of curious approximations will be 
found in Ramanujan’s Collected papers y pp. 23-39. Among the simplest are 


19 

16 




these are correct to 3, 3, 8, and 9 places respectively. 


It is stated in the Bible (1 Kings vii. 23, 2 Chron. iv. 2) that tt = 3.] 


26. Constructions for O is the vertex and S the focus of the 
parabola i/* = 4a;, and P is one of its points of intersection with the parabola 
a;® = 2y. Show that OP meets the latus rectum of the first parabola in a 
point Q such that SQ = ^2. 
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26. Take a circle of unit diameter, a diameter OA and the tangent at A . 
Draw a chord OBC cutting the circle at B and the tangent at C. On this 
line take OM = BC. Taking 0 as origin and OA as axis of x, show that 
the locus of M is the curve 

{x^ + y^)x — y^ = 0 

(the Cisaoid of Diodes). Sketch the curve. Take along the axis of 3 / a 
length OD = 2. Let AD cut the curve in P and OP cut the tangent to the 
circle at ^ in Q. Show that AQ - ^2. 



CHAPTER m 


COMPLEX NUMBERS 

34. Displacements along a line and in a plane. The 

‘ real number * x, with which we have been concerned in the two 
preceding chapters, may be regarded from many different points 
of view. It may be regarded as a pure number, destitute of 
geometrical significance, or a geometrical significance may be 
attached to it in at least three different ways. It may be regarded 
as the measure of a length, viz. the length A^P along the line A 
of Ch. I. It may be regarded as the mark of a point, viz. the point 
P whose distance from is Or it may be regarded as the 
measure of a displacement or change of position on the line A. It is 
on this last point of view that we shall now concentrate our 
attention. 

Imagine a small particle placed at P on the line A and then 
displaced to Q. We shall call the displacement or change of 
position which is needed to transfer the particle from P to Q the 
displacement PQ. To specify a displacement completely three 
things are needed : its magnitude, its sense forwards or backwards 
along the line, and what may be called its point of application, 
i.e. the original position P of the particle. But, when we are 
thinking merely of the change of position produced by the dis- 
placement, it is natural to disregard the point of application and 
to consider all displacements as equivalent whose lengths and 
senses are the same. Then the displacement is completely specified 
by the length PQ = x, the sense of the displacement being fixed 
by the sign of a;. We may therefore, without ambiguity, speak of 
the displacement [a;]*, and we may write PQ = [x]. 

• It ia hardly necessary to caution the reader against confusing this use of the 
symbol [a:] and that of Ch. II (Exa. xvi and Miso. Ex. 20). 
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We use the square bracket to distinguish the displacement [x] 
from the length or number a;*. If the coordinate of P is a, that 
of Q 'will be the displacement [x] therefore transfers a 

particle from the point a to the point a -f x. 


We pass on to consider displacements in a plane. We may 
define the displacement as before. But now more data are 
required in order to specify it completely. We require to know; 
(i) the magnitude of the displacement, i.e. the length of the 
straight line PQ\ (ii) the direction of the displacement, which is 
determined by the angle which PQ makes with some fixed line in 
the plane; (hi) the sense of the displacement; and (iv) its point 
of application. Of these requirements we may disregard the 
fourth, if we consider two displacements as equivalent if they are 
the same in magnitude, direction, and sense. In other words, if 
PQ and RS are equal and parallel, and the sense of motion from 
P to Q is the same as that of motion 
from R to S, we regard the displace- 
ments iPQ and SS as equivalent, 
and write 

Now let us take any pair of co- 
ordinate axes in the plane (such as 
OX, OY hi Fig. 18). Draw a fine 
OA equal and parallel to PQ, the 
sense of motion from 0 to ^ being the same as that from P to Q. 
Then PQ and OA are equivalent displacements. Let x and y 
be the coordinates of A. Then it is evident that is com- 



Fig. 18 


pletely specified if x and y are given. We call OA the displacement 
[x, y] and write 

UA = 7^ -={x,y]. 


* Strictly speaking we ought, by some similar difference of notation, to dia- 
tinguiah the actual length x from the number x which measures it. The reader 
wiU perhaps be inclined to consider such distinctions pedantic. But increasing 
experience of mathematics will reveal to him the great importance of distinguish- 
ing clearly between things which, however intimately connected, are not the 
same. 
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35. Equivalence of displacements. Multiplication of 

displacements by numbers. If ^ and tj are the coordinates 
of P, and and rj' those of Q, it is evident that 

x = y = v'-v- 

The displacement from (^, rj) to (£', rj') is therefore 

[r-^, v'-vl 

It is clear that two displacements [x, y], [x\ y'] are equivalent 
if, and only if, x = x\y = y\ Thus [x, y] = [x\ t/'] if and only if 

x = x', y = y' ( 1 ). 

The reverse displacement QP would be — S', y — 7'], and it 

is natural to agree that 

these equations being really definitions of the meaning of the 
symbols — [^' “ ~ PQ- Having thus agreed that 

it is natural to agree further that 

ci[x,y'] = [ax,ay] (2), 

where a is any real number, positive or negative. Thus (Fig. 18 ) 
if OB = — \OA then 

'UB = - = -\[x,y'\ = \.-\x,-\y\ 

The equations (1) and (2) define the first two important ideas 
connected with displacements, viz. equivalence of displacements, 
and multiplication of displacements by numbers. 

36. Addition of displacements. We have not yet given 

any definition which enables us to attach a meaning to the 
expressions + [x, y] + [x', y']. 

Common sense at once suggests that we should define the sum 
of two displacements as the displacement which is the result of 
the successive application of the two given displacements. In 
other words, it suggests that if QQ-^ be drawn equal and parallel 
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to P'Q\ so that the result of successive displacements 7^, 
on a particle at P is to transfer it first to Q and then to 
we should define the sum of PQ and P'Q' as being PQ\, If then 
we draw OA equal and parallel to PQ, and OB equal and parallel 
to P'Q\ and complete the parallelogram OACB, we have 

+ = PQ^ = OA + OB = OU. 



Let us consider the consequences of adopting this definition. 
If the coordinates of 5 are x', y', then those of the middle point of 
^5 are ^(x + x'), + «/'), and those of (7 are x + x', y + y'. Hence 

[x, 2 /] + [x',y'] = [x + x',y + 2/'] (3), 

which may be regarded as the symbohc definition of addition of 
displacements. We observe that 

[x',y'] + [x,y] = [x'+x,y'+y] 

= [x+x',y + y'] = [x,y'[ + [x' ,y']. 

In other words, addition of displacements obeys the commutative 
law expressed in ordinary algebra by the equation a + 6 = 6 + a. 
This law expresses the obvious geometrical fact that if we move 
from P first through a distance PQ^ equal and parallel to P ^ , 
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and then through a distance equal and parallel to PQ, we shall 
arrive at the same point as before. 

In particular [a:, y] = [x, 0] + [0, y] (4). 


Here [x,0] denotes a displacement through a distance a; in a 
direction parallel to OX. It is in fact what we previously denoted 
by [x]y when we were considering only displacements along a line. 
We call [x, 0] and [0, t/] the components of [x,y\ and [x,^] their 
resultant. 


When we have once defined addition of two displacements, 
there is no further difficulty in the way of defining addition of 
any number. Thus, by definition, 


[x, y] + [x', y'] + [x\ y"] = ([x, y] + [x', y']) + [x', y’^] 

= [a; + x',y + !/'] + [a;^^/^] = [x + x' H-x", 2 / + 2 /' + 2 /"]- 

We define subtraction of displacements by the equation 

[^,2/]-[^',2/'] = [^,2/] + (-[<2/']) (5), 

which is the same thing as [x, y] + [ — a;', — y'] or as [x — x', y — y']. 
In particular [r,y]-[x,y] = [0,0], 

The displacement [0, 0] leaves the particle where it was; it is 
the zero displacement, and we agree to write [0, 0] = 0. 


Examples XX. 1. Prove that 

(i) = P[ax,CLy'\ = 

(ii) ([a:, y] + W, y']) + [z', y'] = [x, y] + ([i', y'] + [x', y']), 

(iii) [x, y] + [x', y'] = [*', y'] + [x, y], 

(iv) (a + fi) [x, y] = a[x, y] + fi[x, y], 

(v) (X{[x, y] + [x', y']} = a[x, y] + a.[x', y^. 

[W© have already proved (iii). The remaining equations follow with 
equal ease from the definitions. The reader should in each case consider 
the geometrical significance of the equation, as we did above in the case 
of (iii).] 

2. If Af is the middle point of PQ, then OM = J(OP+OQ). More 
generally, if M divides PQm. the ratio fi : A, then 

^ ri I y-v 
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3. If G is tho centre of mass of equal particles at P P„ then 

4. If P, 0, are collinear points in the plane, then it is possible to find 
real numbers a, y, not all zero, and such that 

+ + = 0 ; 

and conversely. [This is really only another way of stating Ex. 2.] 

6. If and AC are two displacements not in the same straight line, 
+ = y.AB + d.AU, 

then a = y and = S, 

[Take ABi = cc.AB, ACi = fi.AO, Complete the parallelogram 
AB^P^C^. Then AP^ = a.AB-\-p.AC. It is evident that AP^ can be 
expressed in this form in one way only, whence tho theorem follows.] 

6. A BCD is a parallelogram. Through Q, a point inside the parallelo- 
gram, RQS and TQU are drawn 
parallel to the sides. Show that 
EUf TS intersect on AC, 

[Let the ratios ATiAB^AIi: AD 
be denoted by a, Then 
AT = a.AB, 'AR^p.AD, 

AU = a.JP + ZD, 

Let RU meet AC in P, Then, 
since P, U, P eu’e collinear, 

A 



Fig. 20 


AP = 


^ AR^-'—AU, 

A "i" ^ A + 


where fijX is the ratio in which P divides RU. That is to say 

A+/i A-1-/4 

But since P lies on .4P is a numerical multiple of AC \ say 
AP = k.’AG = fc.lP + fc.ZD. 

Hence (Ex. ti) a/i = /?A -f /4 = (X+^)k, from which we deduce 

The symmetry of this result shows that a similar argument would also give 

afi 


AP' = 


a+y^-1 


AO, 
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if P' is the point where TS meets AO. Hence P and P' are the same 
point.] 

7. A BCD is a parallelogram, and M the middle point of AB. Show 
that DM trisects and is trisected hy AC*. 


37. Multiplication of displacements. So far we have 
made no attempt to attach any meaning to the notion of the 
product of two displacements. The only kind of multiphcation 
which we have considered is that in which a displacement is 
multiplied by a number. The expression 

SO far means nothing, and we are at hberty to define it as we 
please. 

Our choice of a definition is decided by the following prin- 
ciples. It is clear (1) that the product of two displacements 
should be a displacement. Next we have defined a[x, y], where 
a is a real number, as [ax, a^/]; and a may be regarded as a dis- 
placement, viz. [a, 0]. Hence, changing our notation, we see that 
(2) our definition should make 

[x,0][x',y'] = [xx\xy']. 

Finally (3) that the definition should obey the ordinary commuta- 
tive, distributive, and associative laws of multiplication, so that 
[x,y]{x’,y’] = {x',y’][x,y'], 

([a:, j/] + {x', y']) [x", y"] = [x, y] [x", y"] + [x', y'] [x", y"], 

L^, y] 2/'] + 2/']) = [^. 2/] y’l + [x, y] [x", y"], 

and [x, y] ([x', y'] [x", y"]) = ([x, y] [x', y']) [x', y"]. 

[x. y] [x', y'] = [xx', yy'] 

would not be a suitable definition, since it would give 
and contradict (2). 

38. The right definition to take is suggested as follows. We 
know that, if OAB, OCD are two similar triangles, the angles 
corresponding in the order in which they are written, then 

OBIOA = ODjOC, 

* The two last examples are taken from Willard Qibbs's Vtctor analysis. 
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otOB.OC = OA. OD. This suggests that we should try to define 
multiplication and division of displacements in such a way that 

oB.uu = ui.uD. 

Now let 

^ = [^, y], = [x', y'l jm = [X, Y], 

and suppose that A is the point (1, 0), so that 53 = [1, 0], Then 

53.SD = [1,0][X, r] = [X, F], 

and BO [^,y]\x',y'] = {X,Yl 


o 



Fig. 21 

The product UB . JJC is therefore to be defined as UD, D being 
obtained by constructing on OC a triangle similar to OAB. In 
order to free this definition from ambiguity, it should be observed 
that on OC we can describe two such triangles, OCD and OCD'. 
We choose that for which the angle COD is equal to AOB in sign 
as well as in magnitude. We say that the two triangles are then 
similar in the same sense. 

If the polar coordinates of B and C are (p, d) and (cr, ^4), so that 
X = p cos d, y = psinO, x' ^ cr cos 0, y' = o’ sin (f>, 
then the polar coordinates of D are (per, 6 Hence 
X = per coQ (d + (p) = xx' — yy\ 

Y = per sin (^+^4) = xy* + yx\ 
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The required definition is therefore 

2/] [^'i y'] = [XX^ -yy\xy' (6). 

We observe (1) that if i/ = 0, then X = xx\ Y = xy\ as we 
desired; (2) that the right-hand side is not altered if we inter- 
change X and x\ and y and y\ so that 

and (3) that 2/] Vl = W. Vl V] I 

{[x, y] + [x', y']} [x”, y"] = [x + x', y + y'] [x”, y’] 

= [(x + x')x"-{y+ y') y", (x + x')y'' + (y + y') x'] 

= [xx' - yy’, xy’ + yx"] + [x'x' - y'y", x'y" + y'x"] 

= [x,y][x''y] + [x',y'][x’,y"l 

Similarly we can verify that all the equations at the end of § 37 
are satisfied. Thus the definition (6) fulfils all the requirements 
which we made of it in § 37. 

Example. Show directly from the geometrical definition given above 
that multiplication of displacements obeys the commutative and dis- 
tributive laws. [Take the commutative law for example. The product 
OB.OC is OD (Fig. 21), COD being similar to AOB. To construct the 
product OC.OB we should have to construct on OB a triangle BOD^ 
similar to AOC; and so what we want to prove is that D and coincide, 
or that BOD is similar to AOC. Tliis is an easy piece of elementary 
geometry.] 

39. Complex numbers. Just as to a displacement [x] along 
OX correspond a point {x) and a real number x, so to a displace- 
ment \Xy 2 /] in the plane correspond a point {x, y) and a pair of real 
numbers x, y. 

We shall find it convenient to denote this pair of real numbers 
X, y by the symbol 

The reason for the choice of this notation will appear later. For 
the present the reader must regard x-\-yi as simply another way 
of writing [x, y\ The symbol x-\-yi is called a complex number. 

We proceed next to define equivalence, addition, and multiplica- 
tion of complex numbers. To every complex number corresponds 
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a displacement. Two complex numbers are equivalent if the 
corresponding displacements are equivalent. The sum or product 
of two complex numbers is the complex number which corre- 
sponds to the sum or product of the two corresponding displace- 
ments. Thus a; -h yi = a;' -h 2/'i (l)j 

if and only \lx = x\y = y'\ 

+ + = {x^x')^{y -^y')i ( 2 ); 

{x-{-yi){x’ ^y'i) = xx' -yy’ ^-{xy’ -\-yx')i (3). 

In particular we have, as special cases of (2) and (3), 
x-^yi = (x + 0i)-\-{0 + yi), 

(x -h Oi) {x' H- y'i) = xx' + xy'i; 

and these equations suggest that there will be no danger of con- 
fusion if, when dealing with complex numbers, we write x for 
X -f- Oi and yi for 0 -h j/i, as we shall henceforth. 

The reader will easily verify for himself that addition and 
multiplication of complex numbers obey the laws of algebra 
expressed by the equations 

(x + J/i ) + (x' + y'i) = {x' + y'i) + (a: + yi), 

{{a: + yi) + {x' + y'i)} + {x’ + y’i) = (a: + yi) + {{x' + y'i) + {x’ + y’i)], 

{x + yi) {x' + y'i) = {x' + y'i) (x + yi), 

{X + yi) {{x’ + y'i) + {x" + y’i)} = (x + yi) {x' + y'i) + {x + yi) {x’ + y’i), 

(x+yi) + (x’ + y'i)}(x’ + y’i) = (x+yi)(x’ + y’i) + {x’ + y'i){x’ +y’i), 

{x + yi) {{x' + y'i) {x’ + y’i)} = {(a? + yi) (^' + y'i)} + y'i)> 

the proofs of these equations being practically the same as those 
of the corresponding equations for the corresponding displace- 
ments. 

Subtraction and division of complex numbers are defined as 
in ordinary algebra. Thus we may define (x + yi) - (x' + y't) as 

(x + yi) + {-(x' + y'i)} = x + yi + (-x'-y'i) = (x-x') + (y-y')i; 

or, what is the same thing, as the number ^ such that 

(x' + y'i) + (^ + Vi) =^ + yi- 


6 
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And {x + yi)l{x' Jry'i) is defined as the complex number 
such that ^2;' -|- y'i) + yi) = x + yi, 

or x'^-y'y + {x'v + y'Qi = x + yi, 

or x'i-y'v = x, x'y + y'i = y (4). 

Solving these equations for ^ and rj, we obtain 

c ±M.' r, = 

x'^+y'-^' ’ x'^ + y’^' 


This solution fails if x' and y' are both zero, i.e. if x'-iry'i = 0. 
Thus subtraction is always possible; division is always possible 
unless the divisor is zero. 


We may now define positive integral powers of a: + yi, poly- 
nomials in a: -f yi, and rational functions of a; + yi, as in ordinary 
algebra. 


Examples. (1) From a geometrical point of view, the problem of the 
division of the dis]:)Iacement OD hy OC is t hat of finding B so that the 
triangles COD, AOB are similar, and this is evidently possible (and the 
solution unique) unless C coincides with O, or OC = 0. 


(2) The numbers x-\-yif x — yi are said to bo conjugate. Verify that 
(x-\-yi){x-yi) = 

so that the product of two conjugate numbers is real, and that 

^ + 2/^ _ (x + y i) (x' — y'i) ^ xx' -|- yy' + (x'y — xy') i 
x'-{-y'i (x' + y'i){x' — y'i)'~ 


40 . One most important property of real numbers is that 
know as the factor theorem, which asserts that the product of two 
numbers cannot be zero unless one of the two is itself zero. To prove 
that this is also true of complex numbers we put a; = 0 , y = 0 in 
the equations (4) of the preceding section. Then 

- y'v = + y'E = 0 . 

These equations give g = 0, y = 0, i.e. 

^ + 7]i = 0 , 

unless X* = 0 and y' = 0, or x' -f y'i = 0. Thus x + yi cannot vanish 
unless either x' + y'i or ^ + rji vanishes. 
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41. The equation i^ = —\, We agreed to simplify our 
notation by writing x instead of x+Oi and yi instead of 0 + yi. 
The particular complex number U we shall denote simply by i. 
It is the number which corresponds to a unit displacement along 
or. Also 

{2 = M = (0+li)(0+lf) = (0.0-l.l) + (0.1 + 1.0)i = -1. 

Similarly = Thus the complex numbers i and -i 

satisfy the equation = —1. 

The reader will now easily satisfy himself that the upshot of 
the rules for addition and multiphcation of complex numbers is 
this, that we operate with complex numbers in exactly the same 
way as with real numbers, treating the symbol i as itself a number, 
but replacing the product ii = i^ by — I whenever it occurs. Thus, 
for example, 

{x + yi) (x' + y'i) = xx' + xy'i + yx'i + 

= ~yy’)-^{xy' -\-yx:)i. 


42. The geometrical interpretation of multiplication 


by i. Since 


{x-]ryi)i = -y + xi, 


it follows that if x + yi corresponds to OF, and OQ is drawn equal 
to OPandsothat PO(3isapositiverightangle,then {x-\-yi)i corre- 
sponds to OQ. In other words, multiplication of a complex number 
by i turns the corresponding displacement through a right angle. 

We might have developed the whole theory of complex 
numbers from this point of view. Starting with the ideas of x as 
representing a displacement along OX, and of i as a symbol of 
operation equivalent to turning x through a right angle, we should 
have been led to regard yi as a displacement of magnitude y along 
OY. It would then have been natural to define x-\-yi as in §§ 36 
and 39, and {x + yi)i would have represented the displacement 
obtained by turning x-\-yi through a right angle, i.e. —y + xi. 
Finally, we should naturally have defined {x-\-yi) x as xx yx i, 
{x-\-yi)y'i as —yy' + xy'i, and (x yi) (x' y' i) as the sum of 
these displacements, i.e. os 

xx' -yy' -{-{xy' -\-yx')i. 
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43. The equations 2 * + 1 = 0, az^-\-2bz-\-c = 0. There is no 
real number z such that 2 * 4. 1 = O; this is expressed by saying 
that the equation has no real roots. But, as we have just seen, the 
two complex numbers i and — i satisfy this equation. We express 
this by saying that the equation has the two complex roots i and 
— i. Since i satisfies 2 ^ = — 1, it is sometimes written in the form 

V(-i)- 

Complex numbers are sometimes called imaginary"^. The 
expression is not a happy one, but it is firmly established and 
must be accepted. But an ‘imaginary number’ is no more 
‘imaginary’, in any ordinary sense of the word, than a ‘real’ 
number or any other mathematical object. 

A real number is not a number in the same sense as a rational 
number, and a complex number is not a number in the same sense 
as a real number. It is, as should be clear from the preceding 
discussion, a pair of numbers {x,y), united symbolically, for 
purposes of technical convenience, in the form x-i-yi. Thus 

1 rr 0 + li 

stands for the pair of numbers (0, 1), and may be represented 
geometrically by a point or by the displacement [0, 1]. And when 
we say that i is a root of the equation 2 ^ + 1 = 0, what we mean is 
simply that we have defined a method of combining such pairs 
of numbers (or displacements) which we call ‘multiplication’, 
and which, when we so combine (0, 1) with itself, gives the result 
(- 1 , 0 ). 

Now let us consider the more general equation 
az^ + 2bz 4 - c = 0, 

where a, 6, c are real numbers. If b^ > ac, the ordinary method of 
solution gives two real roots { — b±yj{b^ — ac)}/a. If b^<ac, the 
equation has no real roots. It may be written in the form 

/ by ac-b^ 

* The phreise 'real number* was introduced as an antithesis to 'imaginary 
number*. 
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which is true if 2 + (6/a) is either of the complex numbers 
±i^{ac-b^)la*. We express tliis by saying that the equation 
has the two complex roots 

__6 i^l(ac-b^) 

CL~ a 

If we agree as a matter of convention to say that when b^ = ac 
(in which case the equation is satisfied by one value of x only, 
viz. —bja), the equation has two equal rootSy then a quadratic 
equation with real coefficients has two roots in all caseSy cither two 
distinct real roots y or two equal real roots y or two distinct complexroots. 

The question is naturally suggested whether a quadratic 
equation may not, when complex roots are once admitted, have 
more than two roots. It is easy to see that this is not possible. 
Its impossibility may in fact be proved by precisely the same 
chain of reasoning as is used in elementary algebra to prove that 
an equation of the nth degree cannot have more than n real roots. 
Let us denote the complex number x + yi by the single letter z, a 
convention which we may express by writing 2 = a; + rji. Let f{z) 
denote any polynomial in 2 , with real or complex coefiBcients. 
Then we prove in succession: 

(1) that the remainder, when/( 2 ) is divided by z — a, c being 
any real or complex number, is /(a); 

#. 

(2) that if a is a root of the equation f{z) = 0, then /(z) is 
divisible by z — a; 

(3) that if f{z) is of the nth degree, and f(z) = 0 has the n roots 
ai, 02 , a^y then 

f(z) = J(z-ai)( 2 -ao)... (z-oj, 
where .4 is a constant, real or complex, in fact the coefficient of 
2 ^ in/(z). From the last result, and the theorem of § 40, it follows 
that/( 2 ) cannot have more than n roots. 

We conclude that a quadratic equation with real coefficients 
has exactly two roots. We shall see later on that a similar theorem 
is true for an equation of any degree and with either real or 
complex coefficients: an equation of the nth degree has exactly n 

* We ffhii.11 iometimee writ© x + iy instead of x + yi for coDvenienc© in printing. 
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roote. The only point in the proof which presents any difficulty is 
the first, viz. the proof that any equation must have at least one 
root. This we must postpone for the present*. We may, however, 
at once call attention to one very interesting result of this theorem. 
In the theory of number we start from the positive integers and 
from the ideas of addition and multiplication and the converse 
operations of subtraction and division. We find that these 
operations are not always possible unless we admit new kinds of 
numbers. We can only attach a meaning to 3 — 7 if we admit 
negative numbers, or to y if we admit rational fractions. When 
we extend our list of arithmetical operations so as to include root 
extraction and the solution of equations, we find that some of 
them, such as that of the extraction of the square root of a number 
whieh (like 2 ) is not a perfect square, are not possible unless we 
widen our conception of a number, and admit the irrational 
numbers of Ch. I. 

Others, such as the extraction of the square root of — 1, are 
not possible unless we go still further, and admit the complex 
numbers of this chapter. And it would not be unnatural to 
suppose that, when we come to consider equations of higher 
degree, some might prove to be insoluble even by the aid of 
complex numbers, and that thus we might be led to the con- 
sideration of numbers of still more types. The fact that the roots 
of any algebraical equation whatever are ordinary complex 
numbers shows that this is not the case. 

All theorems of elementary algebra which are proved merely 
by the application of the rules of addition and multiplication are 
true whether the numbers which occur in them are real or complex, 
since the rules referred to apply to complex as well as real 
numbers. For example, we know that, if a and are the roots of 
az^ + 2bz + c = 0 , 

then oi + P = -{2b /a), ajS = {cja). 

Similarly, if a, yi?, 7 are the roots of 

az^ + 3bz^ + 3c2; + cZ = 0, 

* S«e Appendix L 
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then 

a+y?+r = -(36/a), Py + ya + a.^ = (Zcja), afiy>=-(d/a). 
All such theorems as these are true whether a, 6, a, are 
real or complex. 

44. Argand’s diagram. Let P (Fig. 22) be the point {x, y), 
r the length OP, and d the angle XOP, so that 

x = rcos6', y = rwxd, r = + cos(9:8in6': 1 ;:a::y :r. 

We denote the complex number a; + yi by z, as in § 43, and we 
call z the complex variable. 

We call P the point 2 , or the 
point corresponding to 2 ; 2 the 
argument of P, x the real party 
y the imaginary party r the 
modulus, and 6 the amplitude 
of 2 ; and we write 

a: = R( 2 ), y = 1 ( 2 ), 
f = I 2 |, 6 = am 2 . 

When j/ = 0 we say that 2 
is real, when a: = 0 that 2 is 
purely imaginary. Two numbers x + yij x — yi which differ only in 
the signs of their imaginary parts, we call conjugate. It will he 
observed that the sum 2x of two conjugate numbers and their 
product + are both real, that they have the same modulus 
*sj{x^-{-y^)j and that their product is equal to the square of the 
modulus of either. The roots of a quadratic with real coefficients, 
for example, are conjugate, when not real. 

It must be observed that d or am 2 is a many-valued function 
of x and y, having an infinity of values, which are angles differing 
by multiples of 277 *. A fine originally lying along OX will, if 
turned through any of these angles, come to he along OP . We 
shall describe that one of these angles which hes between — n and 

* It is evident that I 2 ] is identical with the polar coordinate r of P, and that the 
other polar coordinate o is one value of am z. This value is not necessarily the 
principal value, as defined below, for the polar coordinate of § 22 lies between 0 and 
277, and the principal value between —77 and 77. 
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n as the principal value of the amplitude of z. This definition is 
unambiguous except when one of the values is tt, in which case 

— 77 is also a value. In this case we must make some special 
provision as to which value is to be regarded as the principal 
value. In general, when we speak of the amphtude of z we shall, 
unless the contrary is stated, mean the principal value of the 
amplitude. 

Fig. 22 is usually known as Argand^s diagram. 

45. De Moivre’s theorem. The following propositions follow 
immediately from the definitions of addition and multiplication. 

(1) The real (or imaginary) part of the sum of two complex 
numbers is equal to the sum of their real (or imaginary) parts. 

(2) The modulus of the product of two complex numbers is 
equal to the product of their moduli. 

(3) The amplitude of the product of two complex numbers is 
either equal to the sum of their amphtudes, or differs from it by 277. 

It should be observed that it is not always true that the principal value 
of am (22') is the sum of the principal values of amz and am 2'. For ex- 
ample, if 2 = 2' = — 1 + then the principal values of the amplitudes of 2 
and z' are each Jtt. But 22' = — and the principal value of am (22') is 

— J77 and not ^ 77 . 

The last two theorems may be expressed in the equation 
r(cos d-\-i sin 0) x /9(co8 ^ + i sin (p) 

= r/){cos(/9 + (j))-\-i sin {d + 56)}, 

which may be proved at once by multiplying out and using the 
ordinary trigonometrical formulae for cos (^ + ^) and sin (0 + ^5). 
More generally 

ri(cos + i sin 0^ x r2(cos02 + ^8i^^2) ^ x r,j(cos(9^-ft8in0^) 
= . . . r„{co8 + ...+dJ+iBm[0i + d^ + ...+ OJ}. 

A particularly interesting case is that in which 

ri = rjj = ... = r„= 1, = ... = = (9. 

We then obtain the equation 

(cos d-{-i sin 6)^ = cos nd + i sin nO, 
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where n is any positive integer; a result known as de Moivre^a 
theorem*. 

Again, if 2 = r(co8 (9 + i sin 0), 

then 1/2 = (cos 6 — i sin d) Jr. 

Thus the modulus of the reciprocal of 2 is the reciprocal of the 
modulus of 2 , and the amplitude of the reciprocal is the negative 
of the amplitude of 2 . We can now state the theorems for quotients 
which correspond to (2) and (3). 

(4) The modulus of the quotient of two complex numbers is 
equal to the quotient of their moduli. 

(5) The amplitude of the quotient of two complex numbers is 
either equal to the difference of their amplitudes, or differs from 
it by 27T. 

Again (cos 0 + i sin = (cos d — i sin d)^ 

= {cos ( - ^) + i sin ( — 6)}^ 

= cos ( — nd) -f t sin ( — nO). 

Hence de Moivre^s theorem holds for all integral values of n, 
positive or negative. 

To the theorems (l)-(5) we may add the following theorem, 
which is also of great importance. 

(6) The modulus of the sum of any number of complex num- 
bers is not greater than the sum of their moduli. 

Let OPy OP' y ... be the displacements corresponding to the 
various complex numbers. Draw PQ equal and parallel to OP', 
QR equal and parallel to OP", and so on. Finally we reach a 
point Uy such that 

Dr7 = DF+DF+DF + .... 

The length OUia the modulus of the sum of the complex numbers. 


* It will sometimes be convenient, for the sake of brevity, to denote cos 6 -(- 1 sin 6 
by Cis O', in this notation, suggested by Profs. Harkness and Morley, de Moivre s 
theorem is expressed by the equation (Cis Oy* = Cis nd. 
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whereas the sum of their moduli is the total length of the broken 
line OPQR...U, which is not less than OU. 

A purely arithmetical proof of this theorem is outlined in 
Exs. XXI. 1. 



46. We add some theorems concerning rational functions of 
complex numbers. A rational function of the complex variable z 
is defined as is a rational function of a real variable a;, viz. as the 
quotient of two polynomials in z. 

Theorem 1. Any rational function R{z) can be reduced to the 
form X+Yi, where X and Y are rational functions of x and y with 
real coefficients. 

In the first place it is evident that any polynomial P{x + yi) 
can be reduced, in virtue of the definitions of addition and multi- 
plication, to the form A -h Bi, where A and B are polynomials 
in X and y with real coefficients. Similarly Q{x-{-yi) can be 
reduced to the form C-\-Di. Hence 

R(x + yi) = P{x + yi)IQ{x + yi) 
can be expressed in the form 

{A + Bi)l(C + Di) = (A + Bi)(G-Di)l{C-\-Di){0-Di) 
AC+BD BC-AD. 

which proves the theorem. 
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Theorem 2. If It{x + yi) - X-\-Yi, R denoting a rational 
function as before, but with real coefficients, then E(x -yi)=X- Yi. 

In the first place this is easily verified for a power (x + yi)" by 
actual expansion. It follows by addition that the theorem is true 
for any polynomial with real coefficients. Hence, in the notation 
used above, 


R{x-yi) 


A-Bi AC + BD BC-AD. 
C-Di + + 


the reduction being the same as before except that the sign of i 
is changed throughout. It is evident that results similar to those 
of Theorems 1 and 2 hold for functions of any number of complex 
variables. 


Theorem 3. The roots of an equation 

+ + = 0 , 

whose coefficients are real, may, in so far as they are not themselves 
real, be arranged in conjugate pairs. 

For it follows from Theorem 2 that if a; + yi is a root then so is 
x — yi. A particular case of this theorem is the result (§43) that 
the roots of a quadratic equation with real coefficients are either 
real or conjugate. 

This theorem is sometimes stated as follows: in an equation 
with real coefficients comj)lex roots occur in conjugate pairs. It 
should be compared with the result of Exs. vm. 7, which may be 
stated as follows : in an equation with rational coefficients irrational 
roots occur in conjugate pairs*. 

Examples XXI. 1. Prove theorem (6) of §45 directly from the 
definitions and without the aid of geometrical considerations. 

[First, to prove that | 2 4-2' | = I ^ I I ^ I prove that 

V{(x + xT+{y + yr} < + y^) + + 2/'^). 

The theorem is then easily extended to the general case. The theorem is 
a special case of ‘Minkowski’s inequality’; see Hardy, Littlewood, and 
P61ya, Inequalities, pp. 30-39.] 

• The numbers a + ^6, a -y/h, where a, 6 are rational, are Bometimee said to be 

* oonjugate*. 
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2. The only case in whioh 

|*| + |z'| + ... = |* + z'+...| 

is that in which the numbers 2 , z\ ... have all the same amplitude. Prove 
this both geometrically and analytically. 

3. Prove that | 2 — 2 ' | ^ | j 2 j — | 2 ' 1 1 . 

4. If the sum and product of two complex numbers are both real, then 
the two numbers must either be real or conjugate. 

5. If o + 6 ^2 + (c 4" d ^2) i = .4 -f" -5 ^2 + ( (7 + i) ^2) i, 

where a, 6, A, C, D are r6al rational numbers, then 

a = ^, b = B, c = C, d = D. 

6. Express the following numbers in the form A + Bi, where A and B 
are real numbers: 



where A and /i are real numbers. 

7. Express the following functions of z = x-\-yi in the form X+ Yi, 
where X and Y are real functions of x and y: 2 ^, 2 ®, 2 ”, I/ 2 , 2 + (l/ 2 ), 
(a + fiz)l{y Sz)t where a, y, d are real numbers. 

8. Find the moduli of the numbers and functions in the two preceding 
examples. 

9. The two lines joining the points 2 = a, 2 = 6 and 2 = c, 2 = d will be 

perpendiculaj if /a ~ 6\ 

i.e. if (a — h)l(c — d) is purely imaginary. What is the condition that the 
lines should be parallel ? 

10. The three angular points of a triangle are given by z = a, 2 = 

2 = y, where a, /ff, y ore complex numbers. Estabhsh the following 
propositions: 

(i) the centre of gravity is given by z — J(a + + y) ; 

(ii) the circum-centre is given by \ z — a\ = |z — /?| = \z — y\; 

(iii) the three perpendiculars from the angular points on the opposite sides 
meet in a point given by 



(iv) there is a point P inside the triangle such that 
CBP = ACP = BAP = (0, 

and Ciot o) c cot A + cot B + oot C. 
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prove (iii) we observe that if A, B, C are the vertices, and P any 
point z, then the condition that AP should be perpendicular to BC is 
(Ex. 9) that (2 a)/(/? — y) should be purely imaginary, or that 

R(z-a)R(/?-y) + l(z-a)I(^-y) = 0 . 

This equation, and the two similar equations obtained by permuting 
y cyclically, are satisfied by the same value of z, as appears from the 
fact that the sum of the three left-hand sides is zero. 

To prove (iv), take BC parallel to the positive direction of the axis of x. 
Then* 

y-fi = a, a-y = -6Cis(-C), /?-a = -cCisB. 

We have to determine z and oj from the equations 

_ (z-/?) (yo-/^o) ^ (2-y)(ao-yo) p. 

{zo-fio){y-fi) (^o-roH^-y) - 

where Zq, a^t denote the conjugates of z, a, /?, y. 

Adding the numerators and denominators of the three equal fractions, 
and using the equation 

♦ cot cj = (1 + Cis 2(jl>)I{1 — Cis 2a>), 

we find that 

• (/^-r)(A-ro) + (r-“)(ro-ao) + (a-A)(ao-A) 

I CO ui — • 

M - Ar + 7^0 - roa -h a/?o - 

From this it is easily deduced that the value of cotw is (a* + 6* + c*)/4d, 
where A is the area of the triangle; and tliis is equivalent to the result 
given. 

To determine z, we multiply the numerators and denominators of the 
equal fractions by {yo- {^Q-yo)l{y - P)> (^o“ao)/(a-y), and 
add to form a new freiction. It will be found that 

aoL Cis A-\-hP Cis B -\-cy Cis C 
^ a Cis A-\-b Cis B-\-c Cis C 

11. The two triangles whose vertices are the points o, h, c and x, y, z 
respectively will be similar if 

111=0. 
a b c 
X y z 

[The condition required is that ABjAG = XY/XZ (large letters 
denoting the points whose arguments are the corresponding small letters), 
or (6 — a) /(c - a) = (y-x) l(z - x), which is the same as the condition given.] 

* We suppose that as we go round the triangle in the direction ABG we leave 
it on our left. 
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12. Deduce from the last example that if the points x, y, z are collinear 

then we can find real numbers a, y such that a-\- ^-\-y = 0 and 
(ix + + yz = 0, and conversely (cf. Exs. xx. 4). [Use the fact that in this 

case the triangle formed by x, y^ z is similar to a certain lino-triangle on 
the axis OX, and apply the result of the last example.] 

13. The general linear equation with complex coefficients. The 
equation cxz + y? = 0 has the one solution z = — joe, unless a = 0. If we put 

a = o-f^f, p = h-\-Biy z = x-\-yi, 

and equate real and imaginary parts, we obtain two equations to deter- 
mine the two real numbers x and y. The equation will have a real root if 
1/ =z 0, which gives a:c + 6 = 0, Ax+B = 0, and the condition that these 
equations should be consistent is aB — hA = 0. 

14. The general quadratic equation with complex coefficients. 

Thia equation is + 2(6 + Zii) z + (c + Ci) = 0. 


Unless a and A are both zero wo can divide through by a-fiJ.. Hence 
we may consider 


-f 2(6 H- Bi) 2 + (c + Ci) = 0 


.( 1 ) 


as the standard form of our equation. Putting z = xAyi, and equating 
real cuid imaginary parts, we obtain a pair of simultaneous equations for 
X and y, viz. 

x'^ — y^A 2{bx — By) + c = 0, 2xy + 2(by -f- Bx) -f- C = 0. 

If we put 

x + b = ^, y-{-B=^7j, b^-B^-c = ?i, 2bB-C = k, 

these equations become — = h, 2^ij = k. 

Squaring and adding we obtain 

We must choose the signs so that J77 has the sign of /c: i.e. if A: is positive 
we must take like signs, if k is negative unlike signs. 

Conditions for equal roots. The two roots can only be equal if both the 
square roots above vanish, i.e. if = 0, A: = 0, or if c = 6 ^ — B"^, C = 2b B. 
These conditions are equivalent to the single condition c+ Ci = (6 + Bi)^, 
which expresses the fact that the left-hand side of (1) is a perfect square. 

Condition for a real root. If x"^ 2(h A Bi) x [c C i) = 0, whore x is 
real, then x^A 2bxAc = 0, 2BxA C = 0. Ehminating x we find that the 
required condition is = 0. 


Condition for a purely imaginary root. This is easily found to be 


C*-46BC-46»c = 0. 
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Conditions for a pair of conjugate complex roots. Since the sum and the 
product of two conjugate complex numbers are both real, h-\-Bi and o + Ci 
must both be real, i.e. B = 0, 0 = 0. Thus the equation (1) con have a pair 
of conjugate complex roots only if its coelTicients are real. The reader 
should verify this conclusion by means of the explicit expressions of the 
roots. Moreover, if 6® ^ c, the roots will be real even in this case. Hence for 
a pair of conjugate roots we must have H = 0, (7 = 0, 6®<c. 

16. The cubic equation. Consider the cubic equation 
z^ + SHz+G = 0, 

where Q and H are complex numbers, it being given that the equation has 
(a) a real root, (b) a purelj'^ imaginary root, (c) a pair of conjugate roots. If 
H = X /li, 0 = p -\-cri, we arrive at the following conclusions. 

(а) Conditions for a real root. If ft is not zero, then the real root is - (r/S/t, 
and cr^q- ^iXfi^a — ^Ip^p ~ 0. On the other hand, if /^ = 0 then we must 
also have cr = 0, so that the coefiSicients of the equation are real. In this 
case there may be three real roots. 

(б) Conditions for a purely imaginary root. If is not zero then the purely 
imaginary root is pij^p, and p^ — 21 Xp^p — 21 fi^cr = 0. If p = 0 then also 
p = 0, and the root is yi, where y is given by the equation y® — SXy — cr = 0, 
which h6is real coefficients. In this case there may be three purely imaginary 
roots. 

(c) Conditions for a pair of conjugate complex roots. Let these he x-\-yi 
and X — yi. Then since the sum of the three roots is zero the third root 
must be —2x. From the relations between the coefficients and the roots 
of an equation we deduce 

y^ - = 3 //, 2x(x^ + y^) = 0. 

Hence O and H must both be real. 

In each case wo can either find a root (in which case the equation can 
be reduced to a quadratic by dividing by a knovm factor) or we con reduce 
the solution of the equation to the solution of a cubic equation with real 
coefficients. 

16. The cubic equationx^ + aja^^q-aga^ + aa = 0, where = Ai-hA^if ... 
has a pair of conjugate complex roots. Prove that the remaining root is 
— A'^a^jA'^y unless A'^ = 0. Examine the case in which A^ = 0. 

17. Prove that, if z^ q- 3Hz q- G = 0 has two conjugate complex roots, 

the equation 8a8q-6aH-(7 = 0 

has one real root which is the real part a of the complex roots of the 
original equation; and that a has the same sign as O. 
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18. An equation of any order with complex coefficients will in general 
have no real roots nor pairs of conjugate complex roots. How many 
conditions must be satisfied by the coefficients in order that the equation 
should have (a) a real root, (6) a pair of conjugate roots? 


19. Goaxal circles. In Fig. 24, let a, 6, z be the arguments of A, P. 

Then am— = 4PB, 

z — a 


if the principal value of the amplitude is chosen. If the two circles shown 
in the figure are equal, z\ z[ are the arguments of P', P^, P[, and 
APB = 6, then it is easy to see that 


am — = 77 — 0 , am = — o. 


and 


z[ — h . 

am — = —TT + O. 


The locus defined by the equation 

z — b _ 

am = 0, 

z — a 


where 0 is constant, is the arc APB, By 
writing n — df —6, —n + O for 0, we obtain 
the other three arcs shown. 

The system of equations obtained by 
supposing that 0 is a parameter, varying 
from — 77 to + 77 , represents the system of 
circles which can be draum through the 
points A, B. It should however be ob- 
served that each circle has to be divided 
into two parts to which correspond dif- 
ferent values of 6. 



20. Now let us consider the equation 


where A is a constant, not 1. 



( 1 ), 


Let K be the point in which the tangent to the circle ABP at P meets 
AB, Then the triangles KPA^ KBP are similar, and so 

APjPB = PKjBK = KAjKP = 1/A. 

Hence KA/KB = l/A^, and therefore is a fixed p>oint for all positions 
of P which satisfy the equation (1). Also KP^ = KA.KB, and so is 
constant. Hence the locus of P is a circle whose centre is K, 
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The system of equations obtained by varying A represents a system of 
circles, and every circle of this system cuts at right angles every circle of 
the system of Ex. 19. The circle becomes a straight line when A = 1. 

The system of Ex. 19 is called a system of coaxal circles of the common 
point kind. The system of Ex. 20 is called a system of coaxal circles of the 
limiting point kind, A and B being the limiting points of the system. If A 
is very large or very small, then the circle is a very small circle containing 
4 or B in its interior. 


21. Bilinear transformations. Consider the equation 

z = Z + a (1)» 


where z = a; + yi and Z = X+ Yi are two complex variables which we may 
suppose to be represented in two planes xoy, XOY. To every value of z 
corresponds one of Z, and conversely- If a = a + then 
X = X-fOL, y = Y A ft, 

and to the point {x,y) corresponds the point {X, Y). If (x,y) describes a 
curve of any kind in its piano, {X, Y) describes a curve in its plane. Thus 
to any figure in one plane corresponds a figure in the other. A passage of 
this kind from a figure in the plane xoy to a figure in the plane XOY by 
means of a relation such as (1) between z and Z is called a transformation. 
In this particular case the relation between corresponding figures is very 
easily defined. The (X, Y) figure is the same in size, shape, and orientation 
as the {x, y) figure, but is shifted a distance a to the left, and a distance ft 
downwards. Such a transformation is called a translation. 


Now consider the equation ^ (2), 

wherep is positive. This givesx = pX, y = pY. The two figures are sirnilar 
and similarly situated about their respective origins, but the scale of the 
(X, y) figure is p times that of the (X, Y) figure. Such a transformation is 

called a magnification. 

Next consider the equation 

z = {cos(l>-\-i^bi(l)) Z 

It is clear that | * ] = | Z | and that one value of am z is ^ 
the two figures differ only in that tho (x,y) figure is the (X. T) g 
turned about the origin through an angle ^ m the positive direction. Such 
a transformation is called a rotation. 

The general linear transformation 



is a combination of the three transformations (1), (2). (3). For, if 1 a j _ p 
and am a = 4 >, we can replace (4) by the three equations 

z = z' + b, z'=^pZ\ Z' = {cos<^+tsm<f>)Z. 


7 
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Thus the general Unear transformation is equivalent to the combination of a 
translation^ a magnification^ and a rotation. 

Next consider the transformation 

2 = 1/Z (5). 

If I Z I = i? and am Z = 0, then \z \ = l/R and am 2 = — 0, and to pass 
from the (x, y) figure to the (X, Y) figure we invert the former with respect 
to o, with unit radius of inversion, and then construct the image of the 
new figure in the axis ox (i.e. the symmetrical figure on the other side of ox). 
Finally consider the transformation 

'«■ 

This is equivalent to the combination of the transformations 
z = {alc)-\-{bc — ad)(z'/c), z' = 1/Z', Z' = cZ + (i, 

i.e. to a certain combination of transformations of the types already 
considered. 

The transformation (6) is called the general bilinear transformation. 
Solving for Z we obtain 

z = -^. 

cz — a 

The general bilinear transformation is the most general type of trans> 
formation for which one and only one value of z corresponds to each value 
of Z, and conversely. 


22. The general bilinear transformation transforms circles into circles. 
This may be proved in a variety of ways. We may assume the well-known 
theorem in pure geometry, that inversion transforms circles into circles 
(which may of course in particular cases be straight lines). Or we may 
use the results of Exs. 19 and 20. If, e.g., the (a:, y) circle is 

I (z-0-)/(2-/>) I = A, 

and we substitute for z in terms of Z, we obtain 
\(Z-(y')l(Z-p') \ - A', 

, h-crd , h-pd o-pcj 

where a = , p = , A = A. 

a — (Tc a — pc a — crc\ 

23. Consider the transformations z=llZ^ z = (1 + Z)/(l — Z), and 
draw the (X, Y) curves which correspond to (1) circles whose centre is 
the origin, (2) straight lines through the origin. 

24. The condition that the transformation z = (aZ + b)l{cZ -f d) should 

make the circle = 1 correspond to a straight line in the {X, Y) plane 

is lo| = |cl. 
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25. Gross ratios. The cross ratio (z, Zj, ^^z^) is defined to be 

(gj-g s) 

(zx-z^){z^-z^y 

If the four points Zj, Zg, Zs, Z4 are on the same line, tliia definition agrees 
with that adopted in elementary geometry. There are 24 cross ratios 
which can be formed from z^, Zg, Z3, z^ by permuting the suffixes. These 
consist of six groups of four equal cross ratios. If one ratio is A, then the 
six distinct cross ratios are A, 1 — A, 1/A, 1/(1— A), (A— 1)/A, A/(A— 1). 
The four points are said to be harmonic or harmonically related if any one 
of these is equal to — 1. In this case the six ratios are —1,2, — 1, J, 2, J. 
If any cross ratio is real then all are real and the four points lie on a circle. 

For in this ca.se {z,-z,)(z,-z,) 

am 

(^1 (^2 ~ gs) 

must have one of the three values — tt, 0 , 77, so that am {(Zj — 23)/(Zi — z^)} 
and am {(Zg — Z3)/(zg — 24)} must either bo equal or differ by n (cf. Ex. 19). 
If (ZyZ^^z^zf) = — 1, we have the two equations 

g j-g s 
gl “ gi 

The four points A^y A 2, A^y A^ lie on a circle, A^ and A^ being separated 
by ^3 and A Also A^AJA^A^ = AgAa/Ag^i- Let 0 be the middle point 
of A, A,. The equation ^ ^ ^ 

(Zl-ZjiZj-Z,) 

may be put in the form 

(gl + g2) (ga "h g*) “ 2(2^22 + 2324)^ 
or, what is the same thing, 

{gl “ i(g8 + gi)} {g 2 - i(g3 + Z 4 )} = {i(g3 “ gi)}’*- 
But this is equivalent to OAi . OAj = OA^^ = OA^^. Hence OAi and OA^ 
make equal angles with A^A^, and OAi . OA2 = OA^^ = OA^^. It will be 
observed that the relation between the pairs A^y A 2 and A3, A4 is sym- 
metrical. Hence, if O' is the middle point of A^Ag, O'Ag and O'A^ are 
equally inclined to AiAg, and 0'A8.0'A4 = O'A^^ = O'Ag^. 

26. If the points Ai, Aj are given by az^ + 2 bz + c = 0 y the points 

Aj, A4 by a'z* + 26'2 + c' = 0, O is the middle point of A3A4, and 
ac' + a'c- 266' = 0, then OA^, OAj are equally inclined to A3A4 and 
OAi.OAj = OA3* = OA42. (Math. Trip. 1901) 

27. ABy CD are two intersecting lines in Argand’s diagram, and P, Q 
their middle points. Prove that, if AB bisects the angle GPD and 
PA* = PP* = PC .PD, then CD bisects the angle AQB and 

gC* = QD^ = QA.QB. (Math. Trip. 1909) 


am ^ = ± TT + am 



7-a 
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28. The condition that four points should lie on a circle. A 

sufficient condition is that one (and therefore all) of the cross ratios should 
be real (Ex. 25 ); this condition is also necessary. Another form of the 
condition is that it should be possible to choose real numbers a, /?, y 
such that 


1 


1 

A 


1 

y 




= 0 . 


[To prove this we observe that the transformation Z = l^z — z^) is 
equivalent to an inversion with respect to the point coupled with a 
certain reflexion (Ex. 21 ). If Zj, Zj lie on a circle through z^, the corre- 
sponding points = 1/(21 — 24), Zj = 1/(2^* — 2^)1 ^3 = 1/(23 — 24) lie on a 
straight line. Hence (Ex. 12 ) we can find real numbers a', y' such that 
+ + = 0 and a'/C^i — 24)+ /?7(22~ 24) + 77(23 — 24) = 0, and it is easy 

to prove that this is equivalent to the given condition.] 


29 . Prove the following analogue of de Moivre’s theorem for real 
numbers: if ^1, 0a, 03, ... is a series of positive acute angles such that 
tan 0m4.i = tan 0„, sec 0i + sec 0„, tan 0i, 
then tan 0pi+n = 0m sec 0„ + sec 0„j tan 0„, 

sec = sec sec + tan tan (!>„, 
and tan 0„, + sec 0,„ = (tan 0i + sec 

[Use the method of mathematical induction.] 


30. The transformation z = Z”*. In this case r = and 9 and mB 
differ by a multiple of 27 t. If Z describes a circle round the origin then z 
describes a circle round the origin m times. 

The whole (x^ y) plane corresponds to any one of m sectors in the (X, Y) 
plane, each of angle 277/771. To each point in the (x, j/) plane correspond 
m points in the (X, Y) plane. 


31- Complex functions of a real variable. If f[t), (j)[t) are two real 
functions of a real variable t defined for a certain range of values of /, 

z=J(t) + i<l>(t) ( 1 ) 

a complex function of t. We can represent it graphically by drawing the 
curve 


If z is a polynomial in t, or rational function of t, with complex coefficients, 
we can express it in the form ( 1 ) and so determine the curve represented 
by the function. 

(i) Let z = o+( 6 -a)^, 

where o and b ore complex numbers. If o = a + a'i, 6 = /? + fi'i, then 
X = a + y = + 
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The curve is the straight line joining the points z = a and z = h. The 
segment between the points corresponds to the range of values of t from 0 
to 1. Find the values of t which correspond to the two produced segments 
of the line. 

(u) If 

whore p is positive, then the curve is the circle of centre c and radius p. As 
t varies through all real values z describes the circle once. 

(hi) In general the equation z = (a + bt) / {c dt) represents a circle. 
This can be proved by calculating x and y and ehminating: but this process 
is rather cumbrous. A simpler method is obtained by using the result of 
Ex. 22. Let z = {a + bZ)l{c-\-dZ)y Z = t. As t varies Z describes a straight 
line, viz. the axis of X. Hence z describes a circle. 

(iv) The equation z = a + 2bt + 

represents a parabola generally, a straight line if b/c is real. 

(v) The equation z = {a + 2bt + ct^)/{cc -\- where a, /?, y are 
real, represents a conic section. 

[Ehminate t from 

X = (A + 2Bt + Ct ^) /(ct + 2^t “h yt^)t y — (A^ + 2B't + C't^)l{oc + 2l^t + 
where A -r A'i = a, B + B'i = b, C + C'i = c.] 

47. Roots of complex numbers. We have not, up to the 
present, attributed any meaning to symbols such as 

when a is a complex number, and rti and n integers. It is, however, 
natural to adopt the definitions which are given in elementary 
algebra for real values of a. Thus we define l^a or where n is 
a positive integer, as a number z which satisfies the equation 
= a] and where m is an integer, as These definitions 

do not prejudge the question whether there are or are not roots 
of the equation. 

48. Solution of the equation = a. Let 

a = p{co8(/)-\-ism(f>)y 

where p is positive and is an angle such that — tt < ^ ^ tt. If 
we put z = r(cos 0 + i sin 6), the equation takes the form 

r^(cos nd + i sin nd) = /?(cos (f>-\-isin(f>); 

flo that = p» oo8n0-oo8^, smnd^^tp (1). 
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The only possible value of r is the ordinary arithmetical 
nth root of p\ and in order that the last two equations should be 
satisfied it is necessary and sufficient that n0 = 0 + 2^77, where k 
is an integer, or 

d = {<j>-\-2k7r)ln. 

K A; = pn + g, where p and q are integers, and 0 < g < n, then the 
value of 6 is 2 p 77 + (5^ + 2g7r)/n, and what value we choose for 
p here is indifferent. Hence the equation 

= a = p(cos ^ + i sin <f>) 

has just n roots, given by z = r(co8 d + iaind), where 

r = ^p, 6 = {4> + 2qTT)jn, (g = 0, 1, 2, 1). 

That the n roots are distinct is easily seen by plotting them 
on Argand’s diagram. The particular root 

^p (cos ((p/n) + i sin ((pjn)} 
is called the principal value of ^a. 

The case in which a = l,p = 1,^ = 0 is of particular interest. 
The n roots of the equation = I are 

cos(2g7r/n)4-isin(2g7r/n), (5^ = 0, 1, ...,n— 1). 

These numbers are called the ?zth roots of unity; the principal 
value is unity itself. If we write for cos ( 277 / 71 ) + i sin ( 277 / 71 ), 
we see that the 77 th roots of unity are 

1 , wl, 

Examples XXII. 1. The two square roots of 1 are 1, — 1; the three 
cube roots are 1, four fourth roots etre 

1, i, — 1, — i; and the five fifth roots are 

h i[VS-l+W{10 + 2V5}], i[-V5-l + iV{10-2V6}], 

i[-V6-l-iV{10-2V5}], i[V5-l-W{10+2V6}]. 

2. Prove that + ... = 0. 

3. Prove that 

(x + 2/^8 + z(j)l) (x H- y(i}l + z(j)^) = x^ + y^-\-z^-yz-zx- xy, 

4. The nth roots of a are the products of the nth roots of unity by the 
principal value of ^o. 
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5. It follows from Exs. zxi. 14 that the roots of 

2 * = QL-^pi 

are ± V[iW(a* + /?*) + «}] ± i V[i{V(a* + /?*) - a}]. 

like or unlike signs being chosen according as is positive or negative* 

Show that this result agrees with the result of § 48. 

6. Show that (a;*”* — a®*")/(x“ — a*) is equal to 

f X* — 2ax cos — + fx* — 2ax cos — + a*^ ... f x* — 2ax cos — ?-^ + a*V 
\ m J \ m / \ m J 

[The factors of x®”* — a®”* are 

(x-a), (x-ao)^J, (x-a(D\J, ... 

The factor x — is x + a. The factors (x — (x — cwjjj"') taken 
together give a factor x® — 2ax cos {sTT/m) -l- a®.] 


7. Resolve x 2 m+i_QjTn+i^ x®^ + a®”‘, and into factors in a 

similar way. 


8. Show that x®" — 2x"a” cos 6 + a®” is equal to 



6 

2xa cos - 


- + a«)(.>-2: 


0 27T 

2xa cos 1- 

n 


^x® — 2xa cos 


(9 + 2(n- l)7T 
n 



[Use the formula 

X®" — 2x"a" cos 0 + a®" = {x" — a"(cos 0-\-i sin 0)} {x" — a”(cos d — i sin 0)}, 
and split up each of the last two expressions into n factors.] 


9. Find all the roots of the equation x" — 2x® + 2 = 0. 

(Math, Trip. 1910) 

10. The problem of finding the value of in a form involving square 

roots only, os in the formula Wg = — 1 + i ^/S), is the algebraical 

equivalent of the geometrical problem of inscribing a regular polygon of 
n sides in a circle of unit radiiLs by Euclidean methods, i.e. by ruler and 
compasses. For this construction will be possible if and only if we can 
construct lengths measured by cos(277/n) and sin(277/n); and this is 
possible (Ch. II, Misc. Ex. 22), if and only if these numbers are ex- 
pressible in a form involving square roots only. 

Euclid gives constructions for n = 3, 4, 6, 6, 8, 10, 12, and 15. It is 
evident that the construction is possible for any value of n which can be 
found from these by multiplication by any power of 2. There are other 
special values of n for which such constructions are possible, the most 
interesting being n = 17. 
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Gauss proved the construction possible when n is of the form 

22 *+ 1 

and is prime. The numbers 3, 6, 17, 267, and 65637, corresponding to 
A; = 0, 1, 2, 3, 4 are prime, and the construction is then possible. But 
A: = 6, 6, 7, and 8 give composite values of n, and it is not known whether 
there are more prime values. 

The simplest construction of the 17-agon, due to Richmond, will bo 
found in H. P. Hudson’s Ruler and compasses, p. 34; in F. and F. V, 
Morley’s Inversive geometry, p. 167; and in Klein’s book referred to on 

p. 22. 

49. The general form of de Moivre’s theorem. It 

follows from the results of the last section that if g is a positive 
integer then one of the values of (cos d-\-i sin is 
cos + isin {dlq). 

Raising each of these expressions to the power p (where p is any 
integer positive or negative), we obtain the theorem that one of 
the values of (cos^ + isin0)p/<^ is cos (p/9/g) + isin (p(9/g), or that 
if a is any rational number then one of the values of {cos d-\-i sin 0)® is 

cos a^ + isin ad. 

This is a generalized form of de Moivre's theorem (§ 45). 


MISCELLANEOUS EXAMPLES ON CHAPTER HI 

1 . The condition that a triangle (xyz) should be equilateral is that 

x^~\-y^-^z^ — yz — zx — xy = 0. 

[Let XYZ he the triangle. The displacement ZX is YZ turned through 
an angle |77 in the positive or negative direction. Since Cis f tt = cUj, 
Cis ( — Jtt-) = 1/^3 = 0 ^ 3 , we have x — z = {z — y)oj^ or x — z = {z — y)(i)l. 
Hence x-\-y(x)^-\-z<j)l = 0 or x-\-ycol + z(i)^ = 0. The result follows from 
Exs. XXII. 3.] 

2. If XFZ, X'Y' Z' are two triangles, and 

YZ.Y'Z' = ^.WX' = 

then both triangles are equilateral. [From the equations 

= (^-y) (^'-y') = 

say, we deduce Z Ijiy' — z') = 0, or Zx'^ — Zy'z' = 0. Now apply the 
result of the last example.] 
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3. Similar triangles BOX, CAY, ABZ are described on the sides of a 
triangle ABC, Show that the centres of gravity of ABC, XYZ are 
coincident. 

[We have (x — c)l(b — c) = {y — a)l(c — a) = {z — h)j{a — h) = A, say. Ex- 
press + 2/ + z) in terms of a, b, c.] 

4. If X, Y, Z are points on the sides of the triangle ABC, such that 

BXjXC =. CYjYA = AZjZB = r, 

and if ABC, XYZ are similar, then either r = 1 or both triangles are 
eqmlateral. 

5. If B, C, D are four points in a plane, then 

AD.BC^BD,CA-\-CD.AB, 

[Let Zj, Zj* ^3» ^4 t)e the complex numbers corresponding to B, C, D. 
Then we, have identically 

(Zi-zJ(Zj-Z3) + (Zj~zJ {z^-z^)-h{z^-z^){zi-z^) = 0. 

Hence 

|(Zl-Zj(z,-Z,)| = |(z,-zJ(Z,-Zi) + (Z3-zJ{Zi-Z,)| 

^ I (^2 - ^ 4 ) ( 2 » - ^l) I + I (*s - 24) (Zl - z a) I •] 

64 Deduce Ptolemy’s theorem concerning cyclic quadrilaterals from 
the fad that the cross ratios of four concyclic points are real. [Use the 
same identity as in the last example.] 

7. If z^ + z'^ = 1, then the points z, z' are ends of conjugate diameters 
of an ellipse whose foci are the points 1, — 1. [If CP, CD are conjugate 
semi -diameters of an ellipse and S, H its foci, then CD is parallel to the 
external bisector of the angle SPII, and SP .HP = CD^.'] 

8. Prove that |o + 61^-|-|a — = 2{lap+|6|^}. [This is the analytical 
equivalent of the geometrical theorem that, if M is the middle point of 
Pg, then OP2+Og2 = 20 M^-V 2 MP^.] 

9. Deduce from Ex. 8 that 

\a-{-yl{a^-b^)\ + \a-^{a^-b^) \ = |o + 6| + |o-6|. 

[If o + - b^) = 2i, o - ^J{a^ - b^) = Zi, we have 

l*il*+|2.l* = il% + 22l^ + i|2i-22l” = 2|a|> + 2|a«-6«|. 

and BO 

(|zil + l2.1)' = 2{|aP + |a»-6M + l«>l’}=|a + 6|'+lo-«>l‘ + 2|o«-6*|. 
Another way of stating the result is: if z^ and Zj are the roots of 
az^ -f 2/?z + y = 0, 

lai(izi| + |zj|) = |/?+V(“')') I + I^-V(“r) !•] 


then 
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10. Show that the necessary and sufficient conditions that both the 
roots of the equation z* -H oz + 6 = 0 should be of unit modulus £ire 
|a|^2, I 6 I = 1 , am6 = 2ama. 

[The amplitudes have not necessarily their principal values.] 


11. If x^-l- 4aiX* + 6oaX® + 4a3X + a4 = 0 is an equation with real 
coefficients and has two real and two complex roots, coney die in the Argand 


diagram, then 


a\-\-a\a^-\-a\ — a^a^ — 2aya2a^ = 0 . 


12. The four roots of a^^x ^ will be 
harmonically related if 

aQa\ + a\a^-^a\ — aQa2a^ — 2a^a^a^ = 0 . 

[Express -2:23. ,4^12.34, where 

^23, 14 == (^1 ~ ^2) (^8 “ ^4) + ~ ^3) (^1 "■ ^4) 

and 2^, Zj, 23, Z4 are the roots of the equation, in terms of the coefficients.] 


13. Imaginary points and straight lines. Let ax + by + c = 0 he 
an equation with complex coefficients. If we give x any particular real or 
complex value, we can find the corresponding value of y. The aggregate 
of pairs of real or complex values of x and y which satisfy the equation is 
called an imaginary straight line; the pairs of values are called imaginary 
points t and are said to lie on the line. The values of x and y are called the 
coordinates of the point (x, y). When x and y are real, the point is called a 
real point: when a, h, c are all real (or can be made all real by division by a 
common factor), the line is called a real line. The points x — d-vPi^ 
y = y 4- and x — a — y = y — Si are said to be conjugate; and so are 

the Unea (A+ A'i)x + (B + B'i)y+ O + C’i = 0, 

{A — A'i) x + {B — B'i)y-\- C — C'i = 0. 

Verify the following assertions: every real hne contains infinitely many 
pairs of conjugate imaginary points; an imaginary line in general contains 
one and only one real point; an imaginary line cannot contain a pair of 
conjugate imaginary points: and find the conditions (a) that the line 
joining two given imaginary points should be real, and (6) that the point 
of intersection of two imaginary lines should be real. 


14. Prove the identities 

(x + 2/ + z) (x + yu)^ + (x + yiol + z(i)^) = x^ Ay^ + - ^xyz, 

(xAyAz){xA 2/^6 + + y^l + (x + + zwj) (x 4- yoj^ + zo)^) 

= x^Ay^Az^— 5x^yz + 6xy^z^, 


15. Solve the equations 

X®— 3aa;4-(a*+ 1) = 0, x* — 6ax® + 6a*x + (a® + 1) = 0. 
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16 . = ao + aia;+...+ajx\ then 

^ UM +f{f^x) + . . . +f{u)^-h;)} = oo + a;- + x*" + . . . + a^", 

U) being any root of x** = 1 (except x = 1 ), and An the greatest multiple of n 
contained in A:. Find a similar formula for a^ + a^+n^" + ®//+in^*" + •••» 
where 0 < /^ < n. 

17. If (1 +x)" = Pp+PiX+P 2 ^® + •••» ^ being a positive integer, then 

Po~P2-^Pi~ “■ = 2i"cosJn7r, Pi—Ps+Ps — = 2*" sin inTT. 

18. Sum the series 

X X* X* xi" 

n being a multiple of 3. (Math. Trip. 1899) 

19. If i is a complex number such that |f| = 1, then the point 
X = (at-\-b)'(i — c) describes a circle as t varies, unless |c| = 1, when it 
describes a straight line. 

20. If t varies as in the last example then the point x = i{af + (hit)) in 
general describes an ellipse whose foci are given by x® = ah, and whose 
axes are | a I + | 6 j and | a | — | 6 |. But if | a | = | 6 | then x describes the 
finite straight line joining the points — y'(a6), ^J(ab). 

21. Prove that if t is real and z = i^—\ + fhen, when 1, 

z is represented by a point which lies on the circle x^ + 4- x = 0. Assuming 

that, when ^^>1, yj{t^ — t^) denotes the positive square root of — 
discuss the motion of the point which represents z, os r diminishes from a 
large positive value to a large negative value. (Math. Trip. 1912) 


22. The coefficients of the transformation z = (aZ + b)l(cZ -\-d) are 
subject to the condition ad — bc= 1. Show that if c 4^ 0 there are two fixed 
points a, i.e. points unaltered by the transformation, except when 
(o 4 -d )2 = 4, when there is only one fixed point a; and that in these two 
coses the transformation may be expressed in the forms 

z — a ^^Z — a 1 1 ^ 

l_ rr 

z — p Z- P" z — CL Z — a 


Show further that if c = 0 there will be one fixed point a unless a — d^ 
and that in these two cases the transformation may be expressed in the 


forms 


z — a = K(Z — a), z = Z-\-K. 


Finally, if o, 6, c, d are further restricted to positive integral values 
(including zero), show that the only transformations with less than two 
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fixed points axe of the forms 

- = ^ + 2 = Z + X. (Math. Trip. 1911) 

z Z 

23. Provo that the relation z = (1 + Zi)l{Z + i) transforms the part of 

the axis of x between the points z = 1 and z = — 1 into a semi-circle passing 
through the points Z=landZ = — 1. Find all the figures that can be 
obtained from the originally selected part of the axis of x by successive 
applications of the transformation. (Math. Trip. 1912) 

24. Prove that the transformation 

/ . . . ^ Z— a 

z = (cos 6^ -f 1 sm 6/) - — 

1 — aZ 

where a is any complex number whose modulus is not 1, d is the con- 
jugate of a, and 6 is real, transforms the inside of the unit circle in the 
z-plane into the inside or outside of the unit circle in the Z-plane; and 
distinguish the two cases. (Math. Trip. 1933) 

25. If z = 2Z -f Z* then the circle | Z | = 1 corresponds to a cardioid in 
the plane of z. 

26. Discuss the transformation z = \{Z-\- (1/Z)}, showing in particular 
that to the circles -f- F® = correspond the confocal ellipses 



27. If (2+ 1)® = 4/Z then the unit circle in the z-plane corresponds to 
the parabola Bcos^ = 1 in the Z-plane, and the inside of the circle to 
the outside of the parabola. 

28. Show that the transformation 2 = (Z 4- a)2/(Z — a)*, where a is 

real, transforms the upper half of the z-plano into the interior of a semi- 
circle in the Z-plane. (Math. Trip. 1919) 

29. If z = Z^ — 1, then as z describes the circle \z \ = k, the two corre- 
Bponding positions of Z each describe the Cassinian oval Pip 2 = where 
Pi, p, are the distances of Z from the points — 1, 1. Trace the ovals for 
different values of K. 

30. Consider the relation az* 4- 2hzZ 4- bZ^ 4- 2gz 4- 2/Z 4- c = 0. Show 
that there are two values of Z for which the corresponding values of z are 
equal, and vice versa. We call these the branchpoints in the Z and z-planes 
respectively. Show that, if z describes an ellipse whose foci are the branch 
points, then so does Z. 

[We can, without loss of generality, take the given relation in the form 
«■ + 2zZ cos 4- Z* = It 
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the reader should satisfy himself that this is so. The branch points in 
either plane are then cosec O) and — cosec (i). An ellipse of the form specified 
is given by 

I z 4- cosec w I -f I z — cosec w | = (7, 
where C7 is a constant. This is equivalent (Ex. 9) to 

I z + — cosec^w) I + 1 2 — <^( 2 ^ — cosec“a>) | = Ci 
Express this in terms of Z.\ 

31. If 2 ~ aZ"* 4- 6Z", where m, n are positive integers and a, b real, then 
as Z describes the unit circle z describes a hypo- or epi -cycloid. 

32. Show that the transformation 

(a4-di) Z-f 6 

Z = , 

cZ — (a — di) 

where a, 6, c, d are real and a* 4- > 0, and Z denotes the conjugate 
of Z, is equivalent to an inversion with respect to the circle 

c{x^ + y^) — 2ax — 2dy — 6 = 0. 

What is the geometrical interpretation of the transformation when 

a* 4- -f 6c < 0 T 

33. The transformation 

1-2 _ /i-zy 

14^ “ \14-Z/ ' 

where c is rational and 0<c< 1, transforms the circle | z | = 1 into the 
boundary of a circular lune of angle tt/c. 

34. Prove that the transformation 

z(z-«) ^ ^ 

az — 1 

where a is real and 0 < a < 1 , transforms the inside of the unit circle in 
the 2 -plane into the inside, taken twice, of the unit circle in the Z -plane. 

{Math, Trip. 1933) 



CHAPTER IV 


LIMITS OF FUNCTIONS OF A POSITIVE 
INTEGRAL VARIABLE 

50. Functions of a positive integral variable. In Ch. II 

we discussed the notion of a function of a real variable x, and 
illustrated the discussion by a large number of examples of such 
functions. And the reader will remember that there was one 
important particular with regard to which the functions which 
we took as illustrations differed very widely. Some were defined 
for all values of x, some for rational values only, some for 
integral values only, and so on. 

Consider, for example, the following functions: (i) x, (ii) (iii) the 
denominator of x, (iv) the square root of the product of the numerator and 
the denominator of x, (v) the largest prime factor of x, (vi) the product of 
^x and the largest prime factor of x, (vii) the xth prime number, (viii) the 
height measured in inches of convict x in Dartmoor prison. 

Then the aggregates of values of x for which these functions are defined 
or, as we may say, the fields of definition of the functions, consist of (i) all 
values of x, (ii) all positive values of x, (iii) all rational values of x, (iv) all 
positive rational values of x, (v) all integral values of x, (vi), (vii) all 
positive integral values of x, (viii) a certain number of positive integral 
values of x, viz., 1, 2, ..., iV, where N is the total number of convicts at 
Dartmoor at a given moment of time*. 

Now let us consider a function, such as (vii) above, which is 
defined for all positive integral values of x and no others. This 
function may be regarded from two slightly different points of 
view. We may consider it, as has so far been our custom, as a 
function of the real variable x defined for some only of the values 

* In the laRt case N depends on the time, and convict x, where x has a definite 
value, is a difi’orent individual at different moments of time. Thus if we take different 
moments of time into consideration we have a simple example of a function 
y = F{x,t) of two variables, defined for a certain range of values of ^ viz. from the 
time of the establishment of Dailmoor prison to the time of its abandonment, and 
for a certain number of positive integral values of x, this number varying with t. 
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of X, viz. positive integral values, and say that for all other values 
of X the definition fails. Or we may leave values of x other than 
positive integral values entirely out of account, and regard our 
function as a function of the 'positive integral variable n, whose 
values are the positive integers 

1, 2, 3, 4, .... 

In this case we may write # , v 

J' y = <^(n) 

and regard y now as a function of n defined for all values of n. 

It is obvious that any function of x defined for all values of x 
gives rise to a function of n defined for all values of n. Thus from 
the function y = x’^ we deduce the function y = by merely 
omitting from consideration aU values of x other than positive 
integers, and the corresponding values of y. On the other hand 
from any function of n we can deduce any number of functions 
of X by merely assigning values to y, corresponding to values of x 
other than positive integral values, in any way we please. 

51. interpolation. The problem of determining a function of x 
which shall assume, for all positive integral values of x, values agreeing 
with those of a given function of n, is of great importance in higher 
mathematics. It is called the problem of functional interpolation. 

Were the problem however merely that of finding some function of x to 
fulfil the condition stated, it would of course present no difficulty whatever. 
We could, as explained above, simply fill in the missing values as wo 
pleased: we might indeed simply regard the given values of the function 
of n as all the values of the function of x and say that the definition of the 
latter function failed for all other values of x. But such solutions are 
obviously not what is usually wanted. What is usually wanted is some 
formula involving x (of as simple a kind os possible) which assumes the 
given values for x = 1, 2, .... 

In some cases, especially when the function of n is itself defined by a 
formula, there is an obvious solution. If for example y = (f>{n)^ where 
f){n) is a function of n, such as n* or cosriTT, which would have a meaning 
even were n not a positive integer, we naturally take our function of x to 
bey = (f>{x). But even in this very simple cose it is easy to write down other 
almost equally obvious solutions of the problem. For example 

y = 0(x) + sinx77 

assumes the value (f(n) for x = n, since sin nn = 0. 
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In other cases <f)(n) may be defined by a formula, such as ( — 1)", which 
ceases to define for some values of x (as here in the case of fractional values 
of X with even denominators, or irrational values). But it may be possible 
to transform the formula in such a way that it does define for all values of 
X, In this case, for example, 

( — 1)" = cosnTT, 

if n is an integer, and the problem of interpolation is solved by the function 
cosarTT. 

In other cases ^(x) may be defined for some values of x other than 
positive integers, but not for all. Thus from y = n” we are led to y =x®. 
This expression has a moaning for some only of the remaining values of x. 
If for simplicity we confine ourselves to positive values of x, then x® has 
a meaning for all rational values of x, in virtue of the definitions of 
fractional powers adopted in elementary algebra. But when x is irrational 
X* has (bo far as we are in a position to say at the present moment) no 
meaning at all. We are thus led to consider the question of extending 
OUT definitions in such a way that x® shall have a meaning even when x 
is irrational. We shall see later on how the extension desired may be 
effected. 

Again, consider the case in which 

y = 1.2...n = n!. 

In this case there is no obvious formula in x which reduces to n ! for x = n, 
since x! means nothing for values of x other than the positive integers. 
This is a case in which attempts to solve the problem of interpolation have 
led to important advances in mathematics. For mathematicians have 
succeeded in discovering a function (the gamma-function) which possesses 
the desired property and many other interesting and important properties 
besides. 

52. Finite and infinite classes. Before we proceed further 
it is necessary to make a few remarks about certain ideas of an 
abstract nature which are of constant occurrence in pure 
mathematics. 

In the first place, the reader is probably famiUar with the 
notion of a class. It is unnecessary to discuss here any logical 
difficulties which may be involved in the notion of a class: 
roughly speaking we may say that a class is the aggregate or 
collection of all the entities or objects which possess a certain 
property, simple or complex. Thus we have the classes of British 
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subjects, or members of Parliament, or positive integers, or real 
numbers. 

Moreover, the reader has probably an idea of what is meant 
by a finite or infinite class. Thus the class of British subjects 
is a finite class: the aggregate of all British subjects, past, present, 
and future, has a finite number n, though of course we cannot 
tell at present the actual value of n. The class of present British 
subjects, on the other hand, has a number n which could be 
ascertained by counting, were the methods of the census effective 
enough. 

On the other hand the class of positive integers is not finite 
but infinite. This may be expressed more precisely as follows. 
If is any positive integer, such as 1000, 1,000,000 or any number 
we like to think of, then there are more than n positive integers. 
Thus, if the number we think of is 1,000,000, there are obviously 
at least 1,000,001 positive integers. Similarly the class of rational 
numbers, or of real numbers, is infinite. It is convenient to 
express this by saying that there are an infinite number of 
positive integers, or rational numbers, or real numbers. But the 
reader must be careful always to remember that by 8 a 3 mig this 
we mean simply that the class in question has not a finite number 
of members such as 1000, or 1,000,000. 

53. Properties possessed by a function of n for large 
values of n. We may now return to the ‘functions of n* which 
we were discussing in §§ 50-51. They have many points of differ- 
ence from the functions of x which we discussed in Ch. II. But 
there is one fundamental characteristic which the two classes of 
functions have in common: the values of the variable for which they 
are defined form an infinite class. It is this fact which forms the 
basis of all the considerations which follow and which, as we shall 
see in the next chapter, apply, mutatis mutandis, to functions 
of X as well. 

Suppose that <}>{n) is any function of n, and that P is any 
property which may or may not have, such as that of being 
a positive integer or of being greater than 1. Consider, for each 
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of the values n == 1, 2, 3, whether ^(n) has the property P or 
not. Then there are three possibilities: 

(а) ^(n) may have the property P for all values of n, or for all 
values of n except a finite number N of such values ; 

(б) ^(n) may have the property for no values of n, or only for 
a finite number N of such values ; 

(c) neither (a) nor (b) may be true. 

If (b) is true, the values of n for which ^(n) has the property 
form a finite class. If {a) is true, the values of n for which ^(ti) 
has not the property form a finite class. In the third case neither 
class is finite. Let us consider some particular cases. 

(1) Let (j>(n) = n, and let P be the property of being a positive integer. 
Then (Pin) has the property P for all values of n. 

If on the other hand P denotes the property of being a positive integer 
greater than or equal to 1000, then ^(n) has the property for all values of 
n except a finite number of values of n, viz. 1, 2, 3, ..., 999. In either of 
these cases (a) is true. 

(2) If 0(n) = n, and P is the property of being less them 1000, then (fc) 
is true. 

(3) If (pin) = n, and P is the property of being odd, then (c) is true. For 
(pin) is odd if n is odd and even if n is even, and both the odd and the even 
values of n form em infinite class. 

Example. Consider, in each of the following cases, whether (o), (6), or 
(c) is true: 

(i) (pin) = n, P being the property of being a perfect square, 

(ii) (pin) = where denotes the nth prime number, P being the 

property of being odd, 

(iii) 0(n) = p„, P being the property of being even, 

(iv) (pin) = P being the property (pin) > n, 

(v) (pin) = 1 - (- l)"(l/n), P being the property 0(n)< 1, 

(vi) ipin) = 1 - ( — 1 )" ( 1/n), P being the property p{n) < 2, 

(vii) (pin) = 1000(1 4- ( - \ )"}ln, P being the property (pin) < 1, 

(viii) pin) = 1/n, P being the property pin) < -001, 

(ix) Pin) = ( — l)"/n, P being the property | pin) | < -001, 

(x) pin) = 10000/n, or ( — 1)" 10000/n, P being either of the pro- 

perties pin) < -001 or I Pin) \ < *001, 

(xi) ^(n) = (n- l)/(n+ 1), P being the property 1 — pin) < -0001. 



POSITIVE INTEGRAL VARIABLE 


115 


53, 64] 

54. Let us now suppose that the assertion (a) is true for the 
<}){n) and P in question, i.e. that has the property P, if not 
for all values of n, at any rate for all values of n except a finite 
number N of values. We may denote these exceptional values 
by 

n^y 7 ^ 2 , 

There is of course no reason why these N values should be the 
first N values 1, 2, iV^, though, as the preceding examples show, 
this is frequently the case in practice. But whether this is so or 
not, we know that </){n) has the property P if n>n^. Thus the 
Tith prime is odd if n > 2, n = 2 being the only exception to the 
statement; and l/?i< *001 if 1000, the first 1000 values of n 
being the exceptions; and 

1000{l + (-l)^}/7i<l 

if 71 > 2000, the exceptional values being 2, 4, 6, ..., 2000. That is 
to say, in each of these cases the property is possessed for all 
values of n from a definite value onwards. 

We shall frequently express this by saying that has the 
property for large or very large or all sufficiently large values of n. 
Thus when we say that (/){n) has the property P (which will as a 
rule be a property expressed by some relation of inequality) for 
large values of n, what we mean is that we can determine some 
definite number, n^ say, such that (j)[n) has the property for all 
values of n greater than or equal to n^. This number tIq, in the 
examples considered above, may be taken to be any number 
greater than n^y the greatest of the exceptional numbers: it is 
most natural to take it to be 7ij^+ 1. 

Thus we may say that ‘all large primes are odd’, or that ‘I/ti is 
less than *001 for large values oi n\ And the reader must make 
himself familiar with the use of the word large in statements of 
this kind. Large is in fact a word which, standing by itself, has 
no more absolute meaning in mathematics than in the language 
of common life. It is a truism that in common fife a number 
which is large in one connection is small in another; 6 goals is a 
large score in a football match, but 6 runs is not a large score in a 

8-9 
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cricket match; and 400 runs is a large score, but £400 is not a 
large income: and so of course in mathematics large generally 
means large enough, and what is large enough for one purpose 
may not be large enough for another. 

We know now what is meant by the assertion has the 

property P for large values of It is with assertions of this 
kind that we shall be concerned throughout this chapter. 

55. The phrase ‘n tends to infinity’. There is a some- 
what different w\ay of looking at the matter w hicli it is natural to 

adopt. Suppose that n assumes successively the values 1, 2, 3, 

The word ‘successively’ naturally suggests succession in time, 
and we may suppose n, if w^e like, to assume these values at suc- 
cessive moments of time (e.g. at the beginnings of successive 
seconds). Then as the seconds pass n gets larger and larger and 
there is no limit to the extent of its increase. However large a 
number w^e may think of, a time wdll come when n has become 
larger than this number. 

It is convenient to have a short phrase to express this unending 
growth of n, and we shall say that n tends to infinity, or n -> co, 
this last symbol being usually employed as an abbreviation for 
‘infinity’. The phrase ‘tends to’ like the word ‘successively’ 
naturally suggests the idea of change in time, and it is sometimes 
convenient to think of the variation of n as accomplished in time 
in the manner described above. This liowever is a mere matter of 
convenience, the variation of n having usually nothing to do 
wdth time. 

The reader cannot impress upon himself too strongly that 
when we say that n ‘tends to cx)’ we mean simply that n is 
supposed to assume a series of values which increase beyond aU 
limit. There is no number 'infinity' \ such an equation as 

n = CO 

is as it stands meaningless’, a number n cannot be equal to oo, 
because ‘equal to oo’ means nothing. So far in fact the symbol 
QO means nothing at all except in the one phrase ‘tends to oo', 
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the meaning of which we have explained above. Later on we 
shall learn how to attach a meaning to other phrases involving 
the symbol oo, but the reader will always have to bear in mind 

( 1 ) that 00 by itself means nothing, although 'phrases containing 
it sometimes mean something, 

(2) that in every case in which a phrase containing the symbol 
00 means something it will do so simply because we have pre- 
viously attached a meaning to this particular phrase by means of 
a special definition. 

Now it is clear that if ^(/^) has the property P for large values 
of n, and if n ‘tends to oo’, in the sense which we have just 
explained, then n will ultimatel^^ assume values large enough to 
ensure that (f){n) has the proj^erty P. And so another way of 
putting the question ‘what properties has (f>{7i) for sufficiently 
large values of ti? ’ is ‘how does f>{n) behave as n tends to oo? ’ 

56, The behaviour of a function of n as n tends to 
infinity. We shall now proceed, in the light of the remarks 
made in the preceding sections, to consider the meaning of some 
kinds of statements which recur continually in higher mathe- 
matics. Let us consider, for example, the two following state- 
ments: (a) l/n is small for large values of n, (h) 1 — (1/n) is nearly 
equal to 1 for large values of n. Obvious as they may seem, there 
is a good deal in them which will repay the reader’s attention. 
Let us take (a) first, as being slightly the simpler. 

We have already considered the statement ‘l/?^ is less than *001 
for large values of n\ This, we saw, means that the inequality 
ljn< -001 is true for all values of n greater than some definite 
value, in fact greater than 1000. Similarly it is true that ‘1/ri is 
less than '0001 for large values of n': in fact 1 jn < -0001 if n > 10000. 
And instead of *001 or -0001 we might take *00001 or *000001, 
or any positive number we hke. 

It is obviously convenient to have some way of expressing the 
fact that any such statement as 'Ijn is less than *001 for large 
values of n’ is true, when we substitute for -001 any smaller 



118 


LIMITS OF FUNCTIONS OF A 


[IV 


number, such as *0001 or -00001 or any other number we care 
to choose. And clearly we can do this by saying that 'however 
small S may be (provided of course it is positive), then I/ukS for 
sufficiently large values of n\ That this is true is obvious. For 
lln<S \f n> l/Sy 80 that our ‘sufficiently large’ values of n need 
only all be greater than 1 /S. The assertion is however a complex 
one, in that it really stands for the whole class of assertions which 
we obtain by giving to S special values such as -001. And of course 
the smaller d is, and the larger l/S, the larger must be the least of 
the ‘sufficiently large’ values of n, values which are sufficiently 
large when S has one value being inadequate when it has a smaller. 

The last statement italicised is what is really meant by the 
statement (a), that 1/n is small when n is large. Similarly (6) 
really means 'if (f)(n) = 1 — (1/n), then the statement “ 1 — 0(n) < S 
for sufficiently large values of n” is true whatever 'positive value 
{such as -001 or *0001) we attribute to S\ That the statement (6) 
is true is obvious from the fact that 1 — (f>{n) = 1/n. 


There is another way in which it is common to state the facts 

expressed by the assertions (a) and (6). This is suggested at once 

by § 55, Instead of saying ‘ 1/n is small for large values of n’ we 

say ‘ 1/n tends to 0 as (or when) n tends to oo’. Similarly we say 

that ‘ 1 — (1/n) tends to 1 as n tends to oo’ ; and these statements 

are to be regarded as strictly equivalent to (a) and (6). Thus the 

statements « , , . , , 

1/n IS small when n is large , 


‘1/n tends to 0 as n tends to oo’, 


are equivalent to one another and to the more formal statement 


‘if 5 is any positive number, however small, then l/n<^ 
for sufficiently large values of n’, 


or to the still more formal statement 


‘if is any positive number, however small, then we can 
find a number Uq such that 1/n < (^ for all values of n greater 
than or equal to no’. 

The number Uq which occurs in the last statement is of course 
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a function of S, We shall sometimes emphasise this fact by 
writing Uq in the form nQ{S). 

The reader should imagine himself confronted by em opponent who 
questions the truth of the statement. He would name a series of numbers 
growing smaller and smaller. He might begin with *001. The reader would 
reply that l/n< *001 soon as n> 1000. The opponent would be bound 
to admit this, but would try again with some smaller number, such 
as -0000001. The reader would reply that l/n< -0000001 as soon as 
n> 10000000: and so on. In this simple case it is evident that the reader 
would always have the better of the argument. 

We shall now introduce yet another way of expressing this 
property of the function 1/n. We shall say that 'the limit of I In 
as {or when) n tends to co is 0 \ & statement which we may express 
symbolically in the form 

lim - = 0, 

n— ► 00 ^ 

or simply lim (1/n) = 0. We shall also sometimes write 
‘ l/n->0 as n->oo' 

which may be read * 1/n tends to 0 as n tends to oo'; or simply 
‘ 1/n 0 *. In the same way we shall write 

or l-(l/n)->l. 

57. Now let us consider a different example: let 0(n) = n®. 
Then 'n^ is large when n is large*. This statement is equivalent to 
the more formal statements. 

‘if zl is any positive number, however large, then n^> J 
for sufficiently large values of n’, 

‘ we can find a number nQ(d ) such that n^ > d for all values 
of n greater than or equal to nQ{A)*, 

And it is natural in this case to say that tends to co as n tends 
to 00 ^ or ‘n^ tends to oo with n \ and to write 

71 ^^ 00 . 

Finally consider the function ^(n) = —n^. In this case fj){n) 
is large, but negative, when n is large, and we naturally say that 
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‘ tends to — oo as n tends to oo' and write 

And the use of the symbol — oo in this sense suggests that it will 
sometimes be convenient to wTite n^-^ + ao for n*->oo, and 
generally to use +oo instead of oo, in order to secure greater 
imiformity of notation. 

But we must once more repeat that in all these statements the 
symbols oo, + oo, — oo mean nothing whatever by themselves, and 
only acquire a meaning when they occur in certain special con- 
nections in virtue of the explanations which we have just given. 

58. Definition of a limit. After the discussion which 
precedes the reader should be in a position to appreciate the 
general notion of a limit. Roughly we may say that ([){n) tends to 
a limit I as n tends to oo if (j)[n) is nearly equal to I when n is large. 
But although the meaning of this statement should be clear 
enough after the preceding explanations, it is not, as it stands, 
precise enough to serve as a strict mathematical definition. It is, 
in fact, equivalent to a whole class of statements of the type 
'for sufficiently large values ofn, (f){n) differs from I by less than 
This statement has to be true for 5 = -01 or -0001 or any positive 
number; and for any such value of S it has to be true for any value 
of n after a certain definite value 7^o(^^), though the smaller 6 is 
the larger, as a rule, will be this value no((^). 

We accordingly frame the following formal definition: 

Definition I. The function (f>{n) is said to tend to the limit I as 
n tends to oo, if, however small be the positive number 8, <f>{n) differs 
from I by less than S for sufficiently large values of n; that is to say 
if, however small be the positive number 8, we can determine a 
number 71q((^) corresponding to 8, such that <fi{n) differs from I by 
less than 8 for all values ofn greater than or equal to nQ{8). 

It is usual to denote the difference between (ffn) and I, taken 
positively, by \<f){n) — l\. It is equal to <f){n) — l or to l — <p{n), 
whichever is positive, and agrees with the definition of the 
modulus of (p{n) — I, as given in Ch. Ill, though at present we are 
only considering real values, positive or negative. 
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With this notation the definition may be stated more shortly 
as follows : ' i/, given any positive number, S, however small, we can 
find nQ[S) so that | <l>{n) — l\ <S when n^nQ{S), then we say that 
<f>{n) tends to the limit las n tends to oo, and write 

Hm ^(n) = l\ 

n-^ 00 

Sometimes w© may omit the ‘n-^oo*; and sometimes it is convenient, 
for brevity, to write ^(n) -►Z. 

The reader will find it instructive to work out, in a few simple cases, the 
explicit expression of tIq as a function of S. Thus if <^{x) = 1/n then Z = 0, 
and the condition reduces to \/n<S for n'^riQ. wliich is satisfied if 
Tip = 1 + [1/^]*. There is one and only one case in which the same Uq will 
do for all values of S. If, from a certain value N of n onwards, (f>(n) is 
constant, say equal to 0, then it is evident that (p[n) — C = 0 for n^N, 
BO that the inequality | 9i^(n) — O | < (J is satisfied for n'^N and all positive 
values of S. And if | (f)(n) — 1\<S for n'^N and all positive values of d, then 
it is evident that ^(n) = Z when A\ so that ^(n) is constant for all such 
values of n. 

59. Tho definition of a limit may be illustrated geometrically 
as follows. The graph of <f>{7i) consists of a number of points 
corresponding to the values n = 1, 2, 3, .... 

Draw the line y = I, and the parallel lines y = l — d, y = l + S 
at distance d from it. Then 


lim <f)(n) = I 

n— ► CD 



Fig. 25 


* Her© and henceforward we shall use [x] in the sense of Ch. II, i.e. as the greatest 
integer not greater than z. 
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if, when once these lines have been drawn, no matter how close 
they may be together, we can always draw a line a; = tiq, as in the 
figure, in such a way that the point of the graph on this line, and 
all points to the right of it, He between them. We shall find this 
geometrical way of looking at our definition particularly useful 
when we come to deal with functions defined for all values of a 
real variable and not merely for positive integral values. 

60. So much for functions of n which tend to a Umit as n 
tends to oo. We must now frame corresponding definitions for 
functions which, Hke the functions or — n^, tend to positive or 
negative infinity. The reader should by now find no difficulty in 
appreciating the point of 

Definition II. The function <f(n) is said to tend to +oo 
{positive infinity) with n if, when any number A, however large^ 
is assigned, we can determine nQ(A) so that <j)(n)> A when n ^ nQ{A); 
that is to say if, however large A may be, <l>{n)>A for sufficiently 
large values of n. 

Another, less precise, form of statement is ‘if we can make 
0(7i) as large as we please by sufficiently increasing n \ This is open 
to the objection that it obscures a fundamental point, viz. 
that 0(n) must bo greater than A for all values of n such that 
n^no(z]), and not merely for some such values. But there is no 
harm in using this form of expression if we are clear what it 
means. 

When ^(n) tends to 4- oo we write 
(f>{n)-^ + oo. 

We may leave it to the reader to frame the corresponding 
definition for functions which tend to negative infinity. 

61. Some points concerning the definitions. The reader 
should be careful to observe the following points. 

(1) We may obviously alter the values of ^{n) for any finite 
number of values of n, in any way we please, without in any way 
affecting the behaviour of (p{n) as n tends to oo. For example 
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Ijn tends to 0 as n tends to oo. We may deduce any number of 
new functions from Ijn by altering a finite number of its values. 
For instance we may consider the function <f>{n) which is equal to 
3 forn = 1, 2, 7, 11, 101, 107, 109, 237 and equal to l/nfor all other 
values of n. For this function, just as for the original function 
IjUy lim 95 ( 71 ) = 0. Similarly, for the function 95 ( 71 ) which is equal 
to 3 if 71 = 1, 2, 7, 11, 101, 107, 109, 237, and to otherwise, it is 
true that 95 ( 71 ) -> + 00 . 

(2) On the other hand we cannot as a rule alter an infinite 
number of the values of 95 ( 71 ) without affecting fundamentally its 
behaviour as n tends to 00 . If for example we altered the function 
Ijn by changing its value to 1 whenever 71 is a multiple of 100, it 
would no longer be true that lim<^(? 2 ) = 0. So long as a finite 
number of values only were affected, we could always choose the 
number Uq of the definition so as to be greater than the greatest 
of the values of n for which 95 ( 71 ) was altered. In the examples 
above, for instance, we could always take tiq > 237, and indeed we 
should be compelled to do so as soon as our imaginary opponent 
of § 56 had assigned a value of d as small as 3 (in the first example) 
or a value of A as great as 3 (in the second). But now however 
large tiq may be there will be greater values of n for which (l)[n) 
has been altered. 

(3) In applying the test of Definition I it is essential that the 

inequality \(}){n) — l\<d should be satisfied not merely when 
n = n^ but when n ^ tIq, i.e. for Uq and for all larger values of n. 
It is obvious, for example, that, if 95 ( 71 ) is the function last con- 
sidered, then given ^ we can choose n^ so that | \ < 5 when 

n = Uq’. we have only to choose a sufficiently large value of n 
which is not a multiple of 100. But, when Uq is thus chosen, it is 
not true that | (p{n) | < ^ when n^n^: all the multiples of 100 which 
are greater than tIq are exceptions to this statement when (J ^ 1. 

(4) If 95 ( 71 ) is always greater than Z, we can replace 1 95(7i) — Z| 
by (f>(n) — l. Thus the test whether Ijn tends to the limit 0 os 
tends to 00 is simply whether I/ukS when n ^ Uq. If however 
(f>[n) « (— l)^/w, then I is again 0, but <f{n) — l is sometimes 
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positive and sometimes negative. In such a case we must state 
the condition in the form | — Z | <(y, for example, in this 

particular case, in the form | | < 

(5) The limit I may itself be one of the actual values of (fin). 
Thus if (fin) = 0 for all values of n, it is obvious that lim (fin) = 0. 
Again, if we had, in (2) and (3) above, altered the value of the 
function, when n is a multiple of 100, to 0 instead of to 1, we 
should have obtained a function (fin) which is equal to 0 when n 
is a multiple of 100 and to 1 jn otherwise. The limit of this function 
as n tends to oo is still zero. This limit is itself the value of the 
function for an infinite number of values of n, viz. all multiples 
of 100. 

On the other hand the limit itself need not iand in general will 
not) be the value of the function for any value of n. This is sufficiently 
obvious in the case (fin) — Ijn. The limit is zero; but the func- 
tion is never equal to zero for any value of n. 

The reader cannot impress these facts too strongly on his 
mind. A limit is not a value of the f unction : it is something 
quite distinct from these values, though it is defined by its rela- 
tions to them and may possibly be equal to some of them. For 
the functions , . . ^ , 

the limit is equal to all the values of fin): for 

<f)in) = lln, (-l)"/w, l + (l/?i), l + {(-l)"/w} 
it is not equal to any value of ^{n): for 

(fin) = isin^n7T)/n, I -\-{isinln7T)jn} 

(whose limits as n tends to oo are easily seen to be 0 and 1, since 
sin ^nn is never numerically greater than 1) the limit is equal to 
the value which (fin) assumes for all even values of n, but the 
values assumed for odd values of n are all different from the limit 
and from one another. 

(6) A function may be always numerically very large when n 
is very large without tending either to -h oo or to — oo. A sufficient 
illustration of this is given by fin) = ( — l)^?i. A function can 



POSITIVE INTEGRAL VARIABLE 


125 


61] 

only tend to 4-00 or to —00 if, after a certain value of n, it 
maintains a constant sign. 

Examples XXIII. Consider the behaviour of the following functions 
of n as n tends to 00 ; 

1 . 0(n) = n*, whore k is a positive or negative integer or rational 
fraction. If A: is positive, then n*' tends to +00 with n. If A: is negative, then 
limn* = 0. If A: = 0, then n* = 1 for all values of n. Hence limn* = 1. 

The reader will find it instructive, oven in so simple a case as this, to 
write down a formal proof that the conditions of our definitions are 
satisfied. Take for instance the case of A:> 0. Let Zl be any assigned posi- 
tive number. We wish to choose so that n*> J when n>no. We have 
in fact only to take for any number greater than . If e.g. A; = 4, then 
n*> 10000 when 11, n^> 100000000 when 101, and so on. 

2. 0(n) = whore is the nth prime number. If there were only a 
finite number of primes then (pin) would be defined only for a finite 
number of values of n. There are however, as was first shown by Euclid, 
infinitely many primes. Euclid’s proof is as follows. Let 2, 3, 5, Pjjr be 
all the primes up to p , and lot P = (2 . 3 . 5 . . .p^v) + 1. Then P is not 
divisible by any of 2, 3, 5, ... , pj^r. Hence either P is prime, or P is divisible 
by a prime p between pjy and P. In either cose there is a prime greater 
than pjyr, and so an infinity of primes. 

Since (pin) > n, (Pin) oo. 

3. Let pin) be tlio number of primes less than n. Here again pin) -► -f oo. 

4. Pin) = [ocn], whore a is any positiv^e number. Here 

Pin) = 0 (0^n<l/a), ^(n) = 1 (l/a^n<2/a), 

and so on; and pin) oo. 

6. If Pin) = 1000000/n, tlien liin ^(n) = 0: and if prin) = n/1000000, 
then p^in) -> -f oo. These conclusions are in no way affected by the fact that 
at first pin) is much larger than pin), being in fact larger until n = 1000000. 

6. p)in) = l/{n — ( — 1)"}, n — ( — 1)", n{l — (-1)"}. The first function 
tends to 0, the second to + oo, the third does not tend either to a limit or 
to + 00 . 

7. p{n) = (sinn(97r)/n, where 6 is any real number. Here | pin) | < 1/n, 
since | sinn^?7r | ^ 1, and lim ppi) = 0. 

8. Pin) = i3mn0TT)ly/n, (a cos^ n(9 + 6 sin® n^)/n, where a and 6 are any 
real numbers. 

9. pin) = sin ndn. If 6 is integral then pin) = 0 for all values of n, and 
therefore lim p(n) = 0. 
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Next let 6 be rational, e.g. 0 = pjq, where p and q are positive integers. 
Let n = 4- 6, where a is the quotient and b the remainder when n is 

divided by q. Then sin {npn I q) = (— sin (bpn/q). Suppose, for example, 
p even; then, as n increases from 0 to g — 1, (p{n) takes the values 


0. 




sin 


iq-l)p7T 

9 


When n increases from q to 2q—\ these values are repeated; and so also 
as n goes from 2^ to 3^ — 1, to 4g — 1, and so on. Thus the values of 0(n) 
form a cyclic repetition of a finite series of different values. It is evident 
that when this is the case (t){n) cannot tend to a limit, nor to + oo, nor to 
— 00 , as n tends to infinity. 

The case in which 0 is irrational is a little more difficult. It is discussed 
in the next set of examples. 


62. Oscillating functions. Definition. When ^(ti) does 
not tend to a limit, nor to 4- oo, nor to —co, as n tends to oo, we say 
that (p{n) oscillates as n tends to oo. 

A function (f){n) certainly oscillates if its values form, as in the 
case considered in the last example above, a continual repetition 
of a cycle of different values ; but of course it may oscillate without 
possessing this peculiarity. Oscillation is defined in a negative 
manner: a function oscillates when it does not do certain other 
things. 

The simplest example of an oscillatory function is given by 
i>{n) = (-!)-, 

which is equal to + 1 when n is even and to — 1 when n is odd. 
In this case the values recur cyclically. But consider 
^(n) = (-l)"4-7^'"^ 
the values of which are 

— l4-l, 1 + J, —1+1^, 1 + J, + 

When n is large every value is nearly equal to 4- 1 or — 1, and 
obviously (p[n) does not tend to a hmit or to 4-oo or to — oo, and 
therefore it oscillates: but the values do not recur. It is to be 
observed that in this case every value of ^(n) is numerically less 
than or equal to f . Similarly 

« ( - 1 )" 1004- 1000 
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oscillates. When n is large, every value is nearly equal to 100 or 
to —100. The numerically greatest value is 900 (for 7 i=l). 
But now consider (j){n) = ( — l)"n, the values of which are —1,2, 
— 3, 4, — 6, .... This function oscillates, for it does not tend to a 
Umit, nor to +oo, nor to — oo; and in this case we cannot assign 
any limit beyond which the numerical value of the terms does 
not rise. The distinction between these two examples suggests a 
further definition. 

Definition. If f){n) oscillates as n tends to oo, then (f>{n) will 
be said to oscillate finitely or infinitely according as it is or is not 
^possible to assign a number K such that all the values of <f>(n) are 
numerically less than K, i.e. | f)(n) | < K for all values of n. 

These definitions, as well as those of §§ 58 and 60, are further 
illustrated in the foDowing examples. 

Examples XXIV. Consider the behaviour os n tends to oo of the 
following functions: 

1. (-1)", 6+3(-1)", 1 000000 n-i-f(-l)", 1000000( - + 

2. (-l)"n, 1000000 + (-l)"n. 

3. 1000000-n, (-!)"( 1000000 -n). 

4. n{l + ( — 1)"}. In this case the values of 0(n) are 

0, 4, 0, 8, 0. 12, 0, 16, .... 

The odd terms are all zero and the even terms tend to + oo: (f>(n) oscillates 
infinitely. 

5 . ^i_j_ ( _ 1 )" 2n. The second term oscillates infinitely, but the first is 

very much larger than the second when n is large. In fact 0(n) > n* — 2n 
and n* — 2n = (n— 1)*— 1 is greater than any assigned value A if 
n>\ + 1). Thus (p{n) -► + 00 . It should be observed that in this cose 

^(2fc+l) is always less than (f>{2k), so that the function progresses to 
infini ty by a continual series of steps forwards and backwards. It does not 
however ‘oscillate’ according to our definition of the term. 

6. n*{l + (-l)"}, (-l)"n» + n, n» + (-l)"n*. 

7. sinn^TT. We have already seen (Exs. xxiii. 9) that <f>(n) oscillates 

finitely when 6 is rational, unless 6 is an integer, when 0(n) = 0, 0(n) 0. 

The cose in which 6 is irrational is a httle more difficult, but we can 
still prove that <f>{n) oscillates finitely. We may suppose without real loss 
of generality that 0 < ^ < 1. 
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First, since | ^(n) | < 1, (f>(n) either oscillates finitely or tends to a limit. 

If sin nOn Z, then 

2 cos (n + i) dnein ^dn = 8in(n+ 1) On — sm nOn -*^0, 
and therefore cos (n + ^)0n ^ 0. Hence 

(n+ i) ^ = A:„+ i + 
where is an integer and e„ 0; and hence 

6 = A:,, — = In-^Vn* 

where is an integer and This is plainly impossible, since 0 is 

constant and lies between 0 and 1. 

Prove similarly that cos nOn oscillates finitely unless 6 is an even integer. 

8. It is not possible, unless 6 is an integer, that BinnOn or coa nOn 
should be nearly equal, for all large n, to one or other of two values o, b. 
[This may be proved by arguments similar to, but a little more com- 
plicated than, those of Ex. 7.] 

9. sin nOn + n, sin nOn + ( — 1)" sin nOn, 

10. a cos nOn + b sin nOn, sin- nOn^ a cos® nOn + b sin® nOn. 

11. namnOn. If n is integral, then (f>(n) = 0, (f)(7i) ->0. If ^ is rational 
but not integral, or irrational, then oscillates infinitely. 

12. n{a coa^ nOn b sin^ nOn) . In this case tends to + co if a and b 
are both positive, but to — oo if both are negative. Consider the special 
cases in which a = 0, 6 > 0, or a > 0, 6 = 0, or o = 0, 6 = 0. If a and b have 
opposite signs, 0(n) generally oscillates infinitely. Consider any exceptional 
cases. 

13. ainnlOn. If has a rational valuep/g, then nl^ is certainly integral 
for all values of n greater than or equal to q. Hence (p{n) -> 0. The cose in 
which 6 is irrational cannot be dealt with without the aid of considerations 
of a much more difficult character. 

14. on — [6n], ( — 1)" (an — [6n]). 

15. The smallest prime factor of n. When n is a prime, ^(n) = n. When 
n is even, (p{n) = 2. Thus (p{n) oscillates infinitely. 

16. The largest prime factor of n. 

17. The number of days in the year n A.D, 

Examples XXV. 1. If 0(n)->-t-oo and ^(n)^0(n) for aU values of 
n, then rjr{n) -f oo. 

2. If (/){n) 0, and | v^(n) | ^ | f>{n) | for all values of n, then fr{n) -► 0. 

3. If lim I (f){n) I = 0, then lim ^(n) = 0. 

4. If (f>(n) tends to a limit or oscillates finitely, and | tjr{n) | ^ | <p{n) | 
when n^nQ, then v^(n) tends to a limit or oscillates finitely. 



129 


62 , 63 ] POSITIVE INTEGRAL VARIABLE 

6. If <l>(n) tends to + oo or to ~ oo or oscillates infinitely, and 
I I ^ I <;>(n) I 

when n^rio, then ^{n) tends to 4- oo or to — oo or oscillates infinitely. 

6. ‘If 4>(n) oscillates and, however great be tIq, we can find values of n 
greater than tIq for which y{^(n) > 9 ^(n), and values of n greater than tIq for 
which v^(n)<0(n), then i/f{n) oscillates.’ Is this true? If not give an 
example to the contrary. 

7. If 0(n) Z as n -► 00 , then also (f>{n + p) -^l,p being any fixed integer. 
[This follows at once from the definition. Similarly we see that, if (p(n) 
tends to -f oo or to — oo or oscillates, so also does +p).'] 

8. The same conclusions hold (except in the case of oscillation) if p 
varies with n but is always numerically less than a fixed positive integer N ; 
or if p varies with n in any way, so long os it is always positive. 

9. Determine the least value of for which it is true that 

(a) n* + 2n> 999999 (n^^o), (6) + 2n> 1000000 (n>no). 

10. Determine the least value of for which it is true that 

(a) n + (-l)"> 1000 (n>no), (Z>) n + (- 1)" > 1000000 

11. Determine the least value of for which it is true that 

(a) n*4-2n>zl (n'^n^), (b) rH-( — l)”>zJ (n^ng), 

A being any positive number. 

[(a) no = [yl(A + 1)]: (6) = H-[zl] or 2 + [Zl], according os [A] is odd 

or oven, i.e. no = 1 + [/I] + i{l 4- ( - 1)^^^}.] 

12. Determine the least value of such that 

(a) - — <-0001, (b) <-000001, 

when n'^riQ. [Let us take the latter case. In the first place 
1 (-1)" n+1 

"t" „ = t, f 

n rr n*- 

and it is easy to see that the least value of such that (n + l)/n* < *000001 
when n^no, is 1000002. But the inequality given is satisfied by 
n = 1000001, and this is the value of no required.] 

63. Some general theorems with regard to limits. 
A. The behaviour of the sum of two functions whose 
behaviour is known. 

Theorem I. If f)(n) and ijr{n) tend to limits a, b, then f>{n) + ^(n) 
tends to the limit a + b. 


H P If 


9 
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This is almost obvious*. The argument which the reader will 
at once form in his mind is roughly this: ‘when n is large, is 
nearly equal to a and ^(n) to 6, and therefore their sum is nearly 
equal to a -{-b\ It is however desirable to state the argument 
quite formally. 

Let S be any assigned positive number (e.g. *001, -0000001, ...). 
We require to show that a number Uq can be found such that 

I (f){n) + Tjr{n) — a — b | < 5 (1) 

when n'triQ. Now by a proposition proved in Ch. Ill (more 
generally indeed than we need here) the modulus of the sum of 
two numbers is less than or equal to the sum of their moduh. Thus 
I <f){n) + ^/(n) — u — 6 I ^ I (f>{n) — a | + | ^(n) — b\ . 

It follows that the desired condition will certainly be satisfied if 
tLq can be so chosen that 

I (^{n)-a \ + I }jr{n)-b \ < 8 (2) 

when u'^Uq. 

Given any positive number 8\ we can find so that 
I 0(7i) — a I < for 71 ^ n^. We take 8' = so that | — a\<l8 

when Similarly we can find so that | \lr{n) — b\ < 

when 71^ Tig. Now take to be the greater of the two numbers 
Tij, Tig. Then \<p{n) — a\<^8 and \^(n) — b\<i8 when ti^tIq, 
and therefore (2) is satisfied and the theorem is proved. 

* There is a certain ambiguity in this phrase which the reader will do well to 
notice. When one says ‘such and such a theorem is almost obvious’ one may moan 
one or other of two things. One may mean ‘it is difficult to doubt the truth of the 
theorem’, ‘the theorem is such as common sense instinctively accepts’, as it 
accepts, for example, the truth of the propositions ‘2 + 2 = 4’ or ‘the base-angles of 
an isosceles triangles are equal’. That a theorem is ‘obvious’ in this sense does not 
prove that it is true, since the most confident of the intuitive judgments of common 
sense are often found to be mistaken; and even if the theorem is true, the fact that 
it is also ‘ obvious’ is no reason for not proving it, if a proof can be found. The object 
of mathematics is to prove that certain premises imply certain conclusions; and the 
fact that the conclusions may be as ‘obvious’ as the premises never detracts from 
the necessity, and often not even from the interest of the proof. 

But sometimes (as for example hero) we moan by ‘this is almost obvious’ some- 
thing quite different from this. We mean ‘a moment’s reflection should not only 
convince the reader of the truth of what is stated, but should also suggest to him the 
general lines of a rigorous proof’. And often, when a statement is ‘obvious’ in this 
sense, one may well omit the proof, not because the proof is unnecessary, but because 
it is a waste of time to state in detail what the reader can easily supply for himself. 

The substance of these remarks was suggested to me many years ago by Prof. 
Littlewood. 
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The argument may be stated concisely thus: since lim95(n) = a and 
lim \jr(n) = h, we can choose n, so that 

\(l>(n)-a\<\8 (n>ni), \jjr(n)-h\<i8 (n^n^); 

and then, if n is not less than either or n^, 

I + V^(^) - a - 6 I ^ I 0(n) - a I + I ^(n) - 6 | < (J; 

and therefore lim {^(n) + ^(n)} = a -\~b. 

64. Results subsidiary to Theorem I. The reader should 
have no difficulty in verifying the following subsidiary results. 

1. If ^{n) tends to a liniity but tends to -\-co or to —co or 
oscillates finitely or infinitely, then (p{n) + ^{n) behaves like ^(n). 

2. If 00 , and ^(7i)-> + oo or oscillates finitely, then 

In this statement we may obviously change +oo into — oo 
throughout. 

3. If ^(7i)-^4-oo and ^(n)->--oo, then (^{n) '\(r{n) may tend 
either to a limit or to -{-co or to — oo or may oscillate either finitely 
or infinitely. 

These five possibilities are illustrated in order by (i) ^(n) = n,i/r{n) = — n, 
(ii) (f>(n) = n^, ^(n) = — n, (iii) (f>(n) = n, r/r(n) = — n“, (iv) (^{n) = n + ( — 1)”, 
yjr(n) = -n, (v) ^(n) = + ( - l)"n, tjr{n) = -n*. 

4. If fi{n) -> + 00 and ^{n) oscillates infinitely, then (})[7i) + fi^{n) 
may tend to + oo or oscillate infinitely, but cannot tend to a limit, or 
to — 00 , or oscillate finitely. 

For }}r(n) = {0(n) -H ^{n)} — <(>{n ) ; and, if ^(n) + y5^(n) behaved in any of the 
three last ways, it would follow, from the previous results, that ^l/{n) — co, 

which is not the case. As examples of the two cases which are possible, 
consider (i) ^^(n) = n*, = ( — 1)" n, (ii) ^(n) = n, v^(n) = ( — l)"n*. 

Here again the signs of + co and — oo may be permuted tliroughout. 

6. If <f>{n) and ^{n) both oscillate finitely, then (l>[n) + ff{n) must 
tend to a limit or oscillate finitely. 

As examples take 

(i) <t>(n) = (-!)", ^(n) = ( - l)«+h (ii) (l>{n) = xlf{n) = (-!)". 

6. If fi{n) oscillates finitely, and i/r{n) infinitely, then fi(n) + r/r{n) 
oscillates infinitely. 


9-2 
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For (f>{n) is always leas in absolute value theui a certain constant, say K. 
On the other hand ^(n), since it oscillates infinitely, must assume values 
numerically greater than any assignable number (e.g. lOiC, lOOiT, ...). 
Hence (j){n) -f- ^(n) must assume values numerically greater than any 
assignable number (e.g. 9/!l, 99K, . . . ). Hence (pin) + ^(n) must either tend 
to + oo or — 00 or oscillate infinitely. But if it tended to + oo, then 
fin) = {0(n) + f (n)} - <p(n) 

would also tend to + oo, in virtue of the preceding results. Thus <j>{n) + ^(n) 
cannot tend to +oo, nor, for similar reasons, to — cx): hence it oscillates 
infinitely. 

7. If both (l){n) and ^(n) oscillate infinitely, then (}){n) + xlr{n) may 
tend to a limit, or to +(X), or to — oo, or oscillate either finitely or 
infinitely. 

Suppose, for instance, that (pin) = ( — 1)" n, while ^^(n) is in turn each of 
the functions ( — l)"+^n, {1 + ( — l)”+i}n, — {1 + ( - l)'’}n, ( — 1)"+^ (n+ 1), 
( — l)"n. We thus obtain examples of all five possibilities. 

The results 1-7 cover all the cases which are really distinct. 
Before passing on to consider the product of two functions, we 
may point out that the result of Theorem I may be immediately 
extended to the sum of three or more functions which tend to 
limits as n->oo. 

65. B. The behaviour of the product of tw^o functions 
whose behaviour is known. Wo can now prove a similar 
set of theorems concerning the product of two functions. The 
principal result is the following. 

Theorem II. If lim (pin) = a and lim xjrin) = 6, then 
lim (pin) ifiin) = ab. 

Let <p{n) = a + (pfin), rjrin) = 6 + prfin), 

so that lim pi(n) = 0 and hm frfin) = 0. Then 

(p{n) }Jr{n) = ab-j- aip'fin) + bp fin) + pfin) p'fin). 

Hence the numerical value of the difference pin) prin) — ah is 
certainly not greater than the sum of the numerical values of 
ap'fin), bp fin), pfin) p'fin). From this it follows that 
\\m{pin)p'in) — ab] = 0, 
which proves the theorem. 
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The following is a strictly formal proof. We have 

I r/r{n) - a6 | ^ | aijr^{n) | + | b(f>^(n) | -1- 1 ^^(n) 1 1 ;^i(n) | . 
Assu m i n g that neither a nor b is zero, we may suppose ^ < 3 | a | | 6 |, and 
choose tiq so that 

I <Pi(n) I < i^l\ bl I t/fiin) I < J5/I a |. 

whenn^nQ. Then 

1 96(71) ^(n) - ab I < + {WV( I a 1 1 6 I )} < (J. 

Thus we can choose so that | 96(71) i/r{n)-ab | < S when and the 

theorem follows. The reader should supply a proof for the case in which 
at least one of a and b is zero. 

We need hardly point out that this theorem, like Theorem I, 
may be immediately extended to the product of any number of 
functions of n. There is also a series of subsidiary theorems 
concerning products analogous to those stated in § 64 for sums. 
We must distinguish now six different ways in which (p(n) may 
behave as n tends to 00 . It may (1) tend to a limit other than zero, 
(2) tend to zero, (3a) tend to 4 * 00 , (36) tend to — co, (4) oscillate 
finitely, (5) oscillate infinitely. It is not necessary, as a rule, to 
take account separately of (3a) and (36), as the results for one 
case may be deduced from those for the other by a change of sign. 

To state these subsidiary theorems at length would occupy more space 
than we can afford. We select the two which follow os examples, leaving 
the verification of them to the reader. Ho will find it an instructive 
exercise to formulate some of the remaining theorems himself. 

(i) If 96(71) -► + 00 and r/r{n) oscillates finitely, then (t>(n)\lf(n) must tend 
to +00 or to — CO or oscillate infinitely. 

Examples of these three possibihties may be obtained by taking 96(71) to 
be n and }/r(n) to be one of the three functions 2 + (--l)", -2-( — 1)", 
(- 1 )". 

(ii) If 96(71) and i/r[n) oscillate finitely, then ^{n) ^{n) must tend to a limit 
{which may be zero) or oscillate finitely. 

For examples, take 

(a) (Pin) = fin) = (-!)", (b) 96(71) = 1 + ( - 1)", rjrin) = \-(- 1)", 

(c) 96(71) = cos inn, 9^(11) = sin inn. 

A particular case of Theorem II which is important is that in 
which r/r(n) is constant. The theorem then asserts simply that 
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lim Jfc0(n) = ha if lim (l){n) = a. To this we may join the subsidiary 
theorem that if <j){n) co then k<}>{n) ^ + co or A:0(n)-^ — cx), 
according as A; is positive or negative, unless i = 0, when of 
course k(j){n) = 0 for all values of n and \imk(j){n) = 0. And if 
(j>{n) oscillates finitely or infinitely, then so does k(j)(n)y unless 
k = 0, 


66, C. The behaviour of the difference or quotient of 
two functions whose behaviour is known. There is, of 
course, a similar set of theorems for the difference of two given 
functions, which are obvious corollaries from what precedes. In 
order to deal with the quotient 

^(n) 

f(n)' 

we begin with the following theorem. 


Theorem III. // lim ^(n) = a, and a is not zero, then 

lim-L = 

<f){n) a 

Let <f>{n) = a + 


so that lim f>i{n) = 

: 0. Then 



1 1 

1 1 


0(7i) a 

\a\\a + (j)^{n)\ 


and it is plain, since lim = 0, that we can choose so that 
this is smaller than any assigned number S when u'^Uq. 

From Theorems II and III we can at once deduce the principal 
theorem for quotients, viz. 


Theorem IV. 
zero, then 


If lim ^{n) = a and lim ^{n) = b, and b is not 


lim 




a 


b' 


The reader will again find it instructive to formulate, prove, 
and illustrate by examples some of the ‘subsidiary theorems' 
corresponding to Theorems III and IV. 
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67. Theorem V. If Ii{<f>{n)yi/r{n),xMi ^ rational 

function of (f>{n), ^(n), i.e. any function of the form 

P{<i>(n), f{n), x{n), ...}IQ{^{n), f(n), x{n ), ...}, 
where P and Q denote polynomials in (}){n), ^(n), ••• • '^f 

]im(p{n) = a, lim^(n) = 6, lim = c, 
and Q{a,b,c,,..)=^0\ 

then lim ...} = R{a,b,c, 

For P is a sum of a finite number of terms of the type 
A{4>{n)]P{f(n)Y..., 

where -4 is a constant and p, q, ... positive integers. This term, 
by Theorem II (or rather by its obvious extension to the product 
of any number of functions), tends to the hmit AaPb^ ..., and so 
P tends to the limit P(a, 6 , c, ...), by the similar extension of 
Theorem I. Similarly Q tends to Q(a, 6, c, ...); and the result 
then follows from Theorem IV. 


68. The preceding general theorem may be applied to the 
following very important particular problem : what is the behaviour 
of the most general rational function of n, viz. 

CLS n tends to co*? 

In order to apply the theorem we transform S{n) by writing 
it in the form 






H — ^ -f ■ 
n n^ 


The function in curly brackets is of the form P{0(n)}, where 
= I In, and therefore tends, as n tends to cxd , to the limit 
P(0) = ajb^. Now if p<q] n^~^ = 1 and if 

p = q\ and + if p >g. Hence, by Theorem II, 

lim S{n) = 0 (p < q), 
lim>S^(n) = ajbo (p = q)y 
Sin) + 00 (p > g, aJbQ positive)^ 

Sin) - 00 (p > g, aJbQ negative). 


•We naturaUy suppose that neither nor 6^ is zero. 



136 


LIMITS OF FUNCTIONS OF A 


[IV 


Examples XXVI. 1. What ia the behaviour of the functiona 

as n ->00? 

2. Which (if any) of the functiona 

l/(cos* inn + n sin® inn), 1 /{n(cos® inn -f n sin® inn)}, 

(n cos* inn + sin* Jn7r)/{n(cos* inn + n sin* inn)} 
tend to a limit as n -► oo ? 

3. Denoting by S(n) the general rational function of n considered 
above, show that in all cases 

S(n) S{n) 


69. Functions of n which increase steadily with n. A 

special but particularly important class of functions of n is formed 
by those whose variation as n tends to oo is always in the same 
direction, that is to say those which always increase (or always 
decrease) as n increases. Since —(}>{n) always increases if 0(n) 
always decreases, it is not necessary to consider the two kinds of 
functions separately; for theorems proved for one kind can at 
once be extended to the other. 

Definition. The function (f)(n) will be said to increase steadily 
with n, or to be an increasing function of n, 9 ^( 71 + 1 ) ^ for 
all values of n. 

It is to be observed that we do not exclude the case in which 
<j>{n) has the same value for several values of n; all we exclude is 
possible decrease. Thus the function 

(}>(n) = 2 / 1 + (- 1)"", 

whose values for n = 0, 1, 2, 3, 4, ... are 
1, 1, 5, 5, 9, 9, ..., 

is said to increase steadily with n. Our definition includes even 
functions which remain constant from some value of n onwards; 
thus (f){n) = 1 increases steadily. 

If (f){n+ l)><^{n) for all n, we say that 0(n) is a strictly in- 
creasing function of n. 
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There is one very important theorem concerning functions 
of this class. 

Theorem. If f)(n) increases steadily with n, then either (i) (j){n) 
tends to a limit as n tends to oo, or (ii) (l){n) + co. 

That is to say, while there are in general alternatives as to 
the behaviour of a function, there are two only for this special 
kind of function. 

This theorem is a simple corollary of Dedekind’s theorem 
(§17). We divide the real numbers ^ into two classes L and R, 
putting ^ in L ov R according as ^(n) ^ ^ for some value of n 
(and so of course for all greater values), or (j)[n) < ^ for all values 
of 71 . 

The class L certainly exists; the class R may or may not. If it 
does not then, given any number zl, however large, (j){n)> A for 
all sufficiently large values of n, and so 

^(n)-> + oo. 

If on the other hand R exists, the classes L and R form a 
section of the real numbers in the sense of § 17. Let a be the 
number corresponding to the section, and let d be any positive 
number. Then ^(n) <a + ^ for all values of n, and so, since S is 
arbitrary, <p{n)£a. On the other hand (f){n)>a~S for some 
value of 71 , and so for all sufficiently large values. Thus 

a~d < (/){n) g a 
for all sufficiently large values of n; i.e. 

^( 77 ) —^a. 

It should be observed that in general <p{n) <a for all values of n; for if 
<p{n) is equal to a for any value of n it must be equal to a for all greater 
values of n. Thus (p{n) can never be equal to a except in the case in which 
the values of (p{n) are ultimately all the same. If this is so, a is the largest 
member of L; otherwise L has no largest member. 

Cor. 1. If (j>{n) increases steadily with n, then it will tend to a 
limit or to CO according as it is or is not possible to find a number 
K such that (j){n)<K for all values of n. 

We shall find this corollary very useful later on. 
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Cor. 2. If f>{n) increases steadily with n, and (}){n) <K for all 
values of n, then ^(n) tends to a limit and this limit is less than or 
equal to K. 

It should be noticed that the limit may be equal to Z": if e.g. 

= 3 — (l/n), then every value of is less than 3, but the 
limit is equal to 3. 

Cor. 3. If f>{n) increases steadily with n, and tends to a limit, 
for all values of n. 

The reader should write out for himself the corresponding 
theorems and corollaries for the case in which (f){n) decreases as n 
increases. 

70. The great importance of these theorems lies in the fact 
that they give us (what we have so far been without) a means of 
deciding, in a great many cases, whether a given function of n 
does or does not tend to a limit as ti- oo, without requiring us to 
be able to guess or otherwise infer beforehand what the limit is. If 
we know what the limit, if there is one, must be, we can use the 

\(j){n) — l\<S {n'^nf): 

as for example in the case of f)[n) = \jn, where it is obvious that 
the limit can only be zero. But suppose we have to determine 

whether / l\w 

#{»).(! + -) 

tends to a limit. In this case it is not obvious what the limit, if 
there is one, will be; and it is evident that the test above, which 
involves Z, cannot be used, at any rate directly, to decide whether 
I exists or not. 

Of course the test can sometimes be used indirectly, to prove by means 
of a rediLctio ad absurdum that I cannot exist. If e.g. ^(n) = ( — 1)", it is 
clear that I would have to be equal to 1 and also equal to — 1, which is 
obviously impossible. 

71. Alternative proof of Weierstrass’s theorem of §19. The 
results of § 69 enable us to give an alternative proof of the important 
theorem proved in § 19. 
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69-72] 

If W 0 divide PQ into two equal parts, one at least of them must contain 
infinitely many points of S. We select the one which does, or. if both do, 
we select the left-hand half; and we denote the selected half by P^Qi 
(Fig. 26). If Pj is the left-hand half, Pj is the same point as P. 



P, Q4 

Fig. 26 


Similarly, if we divide Pj Qi into two halves, one at least of them must 
contain intiiiitoly many points of S. Wo soloct the half which does 

so, or, if both do so, we select the left-hand half. Proceechng in tliis way 
we can define a sequence of intervals 

PC, P,C„ P,Q„ P,Q,. .... 

each of which is a half of its predecessor, and each of which contains 
infinitely many points of S, 

The points P, P^, Pj, ... progress steadily from loft to right, and so P„ 
tends to a limiting position T. Similarly C„ tends to a limiting position 
T'. But TT' is plainly less than P„ C„, whatever the value of n; and P„ 
being equal to PC/2”, tends to zero. Hence T' coincides with T, and P„ 
and Cn both tend to T. 

Tlien T is a point of accumulation of S. For suppose that ^ is its 
coordinate, and consider any interval of the type — ^ + If n is 

sufficiently large, P„Qn will lie entirely inside this interval*. Hence 
(£ — (J, g + 5) contains infinitely many iJoints of S. 

72. The limit of as n tends to 00 . Let us apply the 
results of § 69 to the particularly important case in which 
^{n) = x^.lfx=l then (f>{n) = 1, ]im(/){n) = 1, and if a; = 0 then 
(/){n) = 0, limf!>( 7 i) = 0, so that these special cases need not 
detain us. 

First, suppose x positive. Then, since (f){n+l) = x<p{n), <j>{n) 
increases with n if a; > 1, decreases as n increases if a? < 1. 

If a;> 1, then must tend either to a limit (which must ob- 
viously be greater than 1 ) or to -f- 00 . Suppose it tends to a limit 1. 

• Thifl will certainly be the case as soon as PQj2^ Ki. 
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Then lim (f){n + 1) = lim (j){n) = Z, by Exs. xxv, 7 ; but 
lim^(7i+l) = Iima;^(n) = x]hn.(j)(n) = xl, 

and therefore I = xl \ and this is impossible, since x and I are both 
greater than 1 . Hence 

x^-^ + oo (x>l). 

Example. The reader may give an alternative proof, showing by the 
binomial theorem that x" > 1 + tkJ if is positive and x = 1 + <5, and so that 

x" -► + 00 . 

On the other hand x'^ is a decreasing function if a;< 1, and 
must therefore tend to a limit or to — oo. Since x^ is positive the 
second alternative may be ignored. Thus lim x^ = Z, say, and as 
above I = xZ, so that Z must be zero. Hence 

limo:’^ = 0 (0 < a; < 1). 

Example. Prove as in the preceding example that (1/x)” tends to + oo 
if 0 < X < 1 , and deduce that x" tends to 0. 

We have finally to consider the case in which x is negative. 
If — 1 < a; < 0 and a; = — t/, so that 0 < y < 1, then it follows from 
what precedes that lim = 0 and therefore lim = 0. Ifx = — 1 
it is obvious that x'^ oscillates, taking the values —1,1 alterna- 
tively. Finally if a: < — 1, and a; = — y, so that 2/ > 1, then tends 
to -f 00 , and therefore x'^ takes values, both positive and negative, 
numerically greater than any assigned number. Hence x^ oscil- 
lates infinitely. To sum up: 

^(n) = x^^-foo (x>l), 

]im<f>{n) = 1 {x= 1), 

hm 9 ^>(n) = 0 ( — l<a;<l), 

<f){n) oscillates finitely {x= — 1), 

(p{n) oscillates infinitely [x< — 1). 

Examples XXVII*. I. If <p(n) is positive and 0(n -f- 1) ^ K(f>{n), where 
K>1, for all values of n, then (p{n) ->+ oo. 

[For 0(n) ^ X^5(n- 1) 2) ^ ... ^ A""-V(l). 

from which the conclusion follows at once, since A" -►oo.] 

• These examplea are particularly important and several of them will be made 
use of later in the text. They should therefore be studied very carefully. 
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2. The same result is true if the conditions are satisfied only when 

3. If (f){n) is positive and <f>(n-\-\)SK(j>(n), where 0<K<1, then 
lim (f>(n) = 0. This result also is true if the conditions are satisfied only 
when n>no. 


4. If |^(n+ 1)1 ^X|0(n)lwhenn>no, and0<ir< l,th0nlim^6(H) = 0. 

6. If <j)(n) is positive and lim i > 1, then d>(n) -► + oo. 

(p{n) 

[For we can determine so that {0(n+ l)}/{^(n)} >X> 1 when n>nQ\ 
we may, e.g., take K half-way between 1 and 1. Now apply Ex. 1.] 


6. If 


0(n+l) , 

lim ^ = I* - 1 < ^ < 1, 

4>(n) 


then lim ^(n) = 0. [This follows from Ex. 4 as Ex. 5 follows from Ex. 1.] 


7. Determine the behaviour, as n->oo, of (l>{n) = where r is any 

positive integer. 

[If a; = 0 then (j>(n) = 0 for all values of n, and <p{n) -►0. In all other 

(l)(n) \ n 


First suppose x positive. Tlien ^(;i) ^ + oo if 1 (Ex. 6) and (^(n) -►0 if 
x<l(Ex.6). lfx= l,theri^(n) = co. Secondly suppose a; negative. 

Then | 0(n) | = n*" | x | " tends to -f oo if | a; | ^ 1 and to 0 if | x | < 1. Hence 
<p(n) oscillates infinitely if x ^ — 1 and <f>{n) -> 0 if — 1 < x < 0.] 


8. Discuss n“''x” in the same way. [The results are the same, except 
that (f>{n) ->>0 when x = 1 or — 1.] 

9. Draw up a table to show how n*x" behaves as n -► cx3, for all real 
values of x, and all positive and negative integral values of k. 

[The reader will observe that the value of k is immaterial except in the 
special cases when x = 1 or — 1. Since lim{(n-i- l)/n}* = 1, whether k be 
positive or negative, the limit of the ratio ^(n-f l)l(f){n) depends only on 
X, and the behaviour of 0(n) is in general dominated by the factor x". The 
factor n* only asserts itself when x is numerically equal to 1.] 

10. Prove that if X is positive then -► 1 as n -> 00 . [Suppose, e.g., x> 1. 
Then x, ^x, ... is a decreasing sequence, and ^x> \ for all values of n. 
Thus ^x^l, where Z^l. ButifZ>l we can find values of n, as large as 
we plea.se, for which :^lx>l or x>Z"; and, since Z"-v + oo as n -► oo, this 
is impossible.] 

11. [For l)<.5Vi if (n+l)"<n"^'^ or (l+n~^)'*<n, 

which is certainly satisfied if 3 (see § 73 for a proof). Thus .JW decreases 



142 


LIMITS OF FUNCTIONS OF A 


[IV 

as n increases from 3 onwards, and, since it is always greater than unity, 
it tends to a limit which is greater than or equal to unity. But if Z, 
where Z> 1, then n>Z”, which is certainly untrue for sufficiently large 
values of n, since Z”/n ->“+00 with n (Exs. 7, 8).] 

12. a;"/n 1 0, for all values of 2 ;. [If w„ = x"/nl, thenu„^i/w„ = a;/(n+ 1), 
which tends to zero when n^oo, so that tends to zero (Ex. 6),] 

13. ^(nl)->oo. [For nl>x", however large be x, for sufficiently 
large n (Ex. 12).] 

14. Show that if — 1 < 2 ;< 1 then 

nl \n/ 

tends to zero as n ->► 00 . 

[If m is a positive integer, = 0 for n>m. Otherwise 
u„+i m-n 

— - = X' — X, 

U,, n+1 

unless X = 0.] 


73. The limit of + ^ more difficult problem which 

can be solved by the help of §69 arises when (p{7i) = (1 
It follows from the binomial theorem that 


1 + “ 

I n 


1\” I 7l(7l-l)l 

1 + n .- -\ —7 — -+...+ 

n 1.2 


n[n— 1) ... (n — n+ 1) 1 

1 . 2 ... 71 






1.2. ..71^ 

The (p-\- l)th term in this expression, viz. 

1.2...p\ n]\ nj \ n j 

is positive and an increasing function of 71 , and the number of 


terms also increases with n. Hence 




increases with n, and 


so tends to a limit or to + 00 , as n ^ 00 . 
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(-a" 


< 1+1+ — + — - 

1,11 1 

<1 + 1 + 2 + - 2 +... + 2 ;,„, < 3 . 


Thus 


/ 1\^ 

1 1 + - I cannot tend to + oo, and so 
lim (l +-) = 6, 

n->>Qo \ 

where c is a number such that 2 < c ^ 3. 

Example. Find the limit of 

n~"~i(n+ 1)”. 


{Math. Trip. 1934) 


74. Some algebraical lemmas. It will be convenient to prove at 
this stage a number of elementary inequalities which will be useful to ua 
later on. 


(i) It is evident that if a > 1 and r is a positive integer then 
ra’’ > + . . . + 1. 

Multiplying both sides of this inequality by a — 1, wo obtain 
ra’"(a— l)>a’’— 1; 

and adding r(a^ — 1) to each side, and dividing by r(r + 1), we obtain 


1—1 a*" — 1 

r + 1 r 


(a>l) 


Similarly we can prove that 


r + 1 r 


(0</?<l) 


( 1 )- 


( 2 ). 


It follows that if r and 3 are positive integers, and r>5, tlion 

,31. 

r s r 8 

Here 0 </?< 1 <a. In particular, when 8 — 1, we have 

ar_]>r(a-l), 1 -/?^< r(l -y?) (4). 

(ii) The inequalities (3) and (4) have been proved on the supposition 
that r and s are positive integers. But it is easy to see that they hold under 
the more general hypothesis that r and a are any positive rational numbers. 
Let us consider, for example, the first of the inequalities (3). Let r = ajh, 
8 = c/d, where a, 6, c, d are positive integers; so that ad>bc. If we put 
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a = the inequality takes the form 

(yo<J_ l)/ad> (y^®— l)/6c; 
and this we have proved already. The same argument applies to the re- 
maining inequalities; and it can evidently bo proved in a similar manner 

a*-l<«(a-l), 1 -/?■>«(! -y?) (6), 

if « is a positive rational number less than 1. 

(iii) In what follows it is to be understood that all the letters denote 
positive numbers, that r and s are rational, and that cl and r are greater than 
1, P and 8 less than 1. Writing \jP for a, and 1/a for in (4), we obtain 


a*"— 1 <ra^~^{a— 1), 1 —/?*■> —/?) (6). 

Similarly, from (6), we deduce 

a*-l>sa-i(a-l), \ P) (7). 

Combining (4) and (G), we see that 

TCL^-\(x - 1 ) > a’’ - 1 > r(a - 1 ) ( 8) . 

Writing xjy for a, we obtain 

rx^-'^(x-y)>x^-y^>nf-^x-y) (9) 

if a;> j/> 0. And the same argument, applied to (5) and (7), loads to 

8x*-^{x — y)<x* — y*<sy*~'^(x — y) ( 10 ). 


Examples XXVIII. 1. Verify (9) for r = 2, 3, and (10) for 5 = J, J. 

2. Show that (9) and ( 10) are also true if 1 / > x > 0. 

3. Show that (9) also holds for r < 0. 

[A much more complete discussion of the inequalities (9) and (10) will 
be found in Inequalities, Ch. II. See also Appendix I.] 

4. If ^^(n) I, where Z > 0, as n ->■ 00 , and k is rational, then (j>^ ^l^. 

[We may suppose that A: > 0, in virtue of Theorem III of § 66; and that 

\l<(p <21, aa is certainly the cose from a certain value of n onwards. If 

or kl^-'^{l — (f))>l’‘ — (f)^>k(^^-'^{l — (f)), 

according as <f>>l or (f><l. It follows that the ratio of | 0* — Z* | and | ^ — Z | 
lies between k{il)^~'^ and ^'(2Z)*=~^. The proof is similar when 0<A:< 1. The 
result is still true when Z = 0, if A:> 0.] 

5. Extend the results of Exs. xxvii. 7, 8, 9 to the case in which r ot k 
are any rational numbers. 

75. The limit of n(^x— 1). If in the first inequality (3) of §74 we 
put r = l/(n— 1), « = 1/n, we see that 

(n - 1 ) ("--^a - 1 ) > n(^a - 1) 
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when <z> 1. Thus if (j>{n) = n(^OL — 1) then <p[n) decreases steadily as n 
increases. Also 0(w-) is always positive. Hence (^{ 71 ) tends to a limit I as 
n -► 00 , and I ^ 0. 

Again if, in the first inequality (7) of § 74, we put a = 1/n, we obtain 


n(^a- \)>:^oi( 1 - - )> 1--. 

\ olJ a 

Thus Z ^ 1 — ( 1 /a) > 0. Hence, if a > 1, we have 
lim n{^(x — 1) =f{oc), 

n->ao 

where /(a) > 0. 

Next suppose /?< 1, and let = 1/a; then 1) = -n(^a- 

Now n(^a — 1) -^J(cl), and (Exs. xxvii. 10) 

^'a-)- 1. 

Hence, if /? = l/a< 1, we have 


n(^y?-l)^-/(a). 

Finally, if a: = 1, then n(^x— 1) = 0 for all values of n. 

Thus we arrive at the result : the limit 

h.mn(^x— 1 ) 

defines a function of x for all positive values of x. This function f(x) possesses 

and is positive or negative according as x> \ or x<\. Later on we shah be 
able to identify this function with the Napierian logarithm of x. 


Example. Prove that =/(^) +/(2/)- [Use the equations 
f{xy) = limn(^/r 2 /- 1) = lim{n(^a- 1) ^2/ + - !)}•] 


76. Infinite series. Suppose that is any function of 
n defined for all values of n. If we add up the values of u(v) for 
= 1, 2, ..., n, we obtain another function of n, viz. 

s{n) = u{l) + u(2)-{- ...-\-u(n), 

also defined for all values of n. It is generally most convenient 
to alter our notation slightly and write this equation in the form 

n 

or, more shortly, = Z 


H P M 


zo 
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If now we suppose that tends to a limit 8 when n tends to oo, 
we have n 

lim 2 

n->> 00 »»=>! 

This equation is usually written in one of the forms 

oo 

2 U1 + U2 + U3 + ...=s, 

v^l 

the dots denoting the indefinite continuance of the series of u'&. 

The meaning of the above equations, expressed roughly, is 
that by adding more and more of the u's together we get nearer 
and nearer to the limit s. More precisely, if any small positive 
number S is chosen, we can choose so that the sum of the 
fii'st nQ{S) terms, or of any greater number of terms, hes between 
s — 8 and 5 -f or in symbols 

if n ^ these circumstances we shall call the series 

+ ••• 

a convergent infinite series, and we shall call 8 the sum of the 
series, or the sum of all the terms of the series. 

Thus to say that the series + converges and has the 

sum 8, or converges to the sum s or simply converges to s, is merely 
another way of stating that the sum s^ = + 14-2 + . . . + of the 
first n terms tends to the limit 5 as 7 i->oo, and the consideration 
of such infinite series introduces no new ideas beyond those with 
which the early part of this chapter should already have made 
the reader famihar. In fact the sum s^ is merely a function <f>{n), 
such as we have been considering, expressed in a particular form. 
Any function fi{n) may be expressed in this form, by writing 

if>{n) = + (Pin -!)}■, 

and it is sometimes convenient to say that <f)(n) converges (instead 
of ‘tends’) to the limit I, say, as n->oo. 

If 5^ -> 4- 00 or 5^ ^ — cxD, we shall say that the series + ^^2 + • • • 
is divergent or diverges to +00, or —00, as the case may be. 
These phrases too may be applied to any function ^(n): thus if 
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+ we may say that <l>{n) diverges to +oo. If s^ does not 
tend to a limit or to + oo or to — oo, then it oscillates finitely or 
infinitely : in this case we say that the series + ... oscillates 

finitely or infinitely*. 

77. General theorems concerning infinite series. When 
r we are dealing with infinite series we shall constantly have 
occasion to use the following general theorems. 

( 1 ) If + ^2 + • • • ^ convergent and has the sum 5, then 
a-{-u^-\-U 2 + ... is convergent and has the sum a + 8. Similarly 

... + ... is convergent and has the sum 

CL h -{' C ... Jc 8 . 

(2) If u^-\-Uo + ... is convergent and has the sum Sy then 

+ ••• convergent and has the sum 

8 — — — ... — 

(3) If any series considered in (1) or (2) diverges or oscillates, 
then so do the others. 

(4) If . . . is convergent and has the sum Sy then 

ku-^ 4- ku 2 + . . . is convergent and has the sum ka. 

(5) If the first series considered in (4) diverges or oscillates, 
then so does the second, unless k = 0. 

(6) li ... and + both convergent, then 

the series {u^ + + ('^^2 + ^’ 2 ) + • • • is convergent and its sum is the 
sum of the first two series. 

All these theorems are almost obvious and may be proved at 
once from the definitions or by applying the results of §§63-66 
to the sum u^ + U 2 + + Those which follow are of a 

somewhat diSerent character. 

(7) If u^+U 2 -{- ... is convergent, then hm = 0. 

* The reader should be warned that the words ‘divergent’ and ‘oscillatory’ are 
used differently by different writers. The use of the words here agrees with that of 
Bromwich’s InJinvtB sgtIcs, In Hobson s TfiGOTy of Junctions of a tbgiI vuviablG a 
series is said to oscillate only if it osciUates finitely, series which oscillate infinitely 
being classed as ‘divergent’. Many foreign writers use ‘divergent’ as meaning 
merely ‘not convergent’. 


10-2 
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For ^n -1 Same limit 8, 

Hence \imu^ = 8 — 8 = 0. 

The reader may bo tempted to think that the converse of the theorem 
ia true and that if limu„ = 0 then tlio series must be convergent. That 
this is not the case is easily seen from an example. Lot the series be 

so that = 1/n. The sum of the first four terms is 

l + 4 + i + i>l + i + : = l + Ki- 

The sum of the next four terms is } -f J 4- 1 + 4 > i = 4 ; the sum of the next 
eight terms is greater than and so on. The sum of the first 

4 + 4 + 8+16+.. . + 2" = 

terms is greater than 

2 + 4 + 4 + 4 + -- *“1"4 = 4(^ + ^)* 

and this increases beyond all hmit with n: hence the series diverges to + oo. 

(8) // + 1^2 + '^3 + • • • ^-5 convergent, then so is any series formed 

by grouping the terms in brackets in any way to form new single 
terms y and the sums of the two series are the same. 

The reader will be able to supply the proof of this theorem. Here again 
the converse is not true. Thus 1 — 1 + 1 — 1 + ... oscillates, while 

(1-1) + (1-1) + ... 

or0 + 0 + 0 + 0+ ... converges to 0. 

(9) If every term is positive {or zero), then the series Eu^ must 
either converge or diverge to + oo. If it converges, its sum must be 
positive (unless all the terms are zero, when of course its sum is 
zero). 

For 8^ is an increasing function of n, according to the definition 
of § 69, and we can apply the results of that section to s^. 

(10) If every term u^ is positive {or zero), then a necessary and 
sufficient condition that the series Eu^ should he convergent is that 
it should be possible to find a number K such that the sum of any 
number of terms is less than K ; and, if K can be so found, then the 
sum of the aeries is not greater than K. 

This also follows at once from § 09. It is perhaps hardly neces- 
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sary to point out that the theorem is not true if the condition that 
every is positive is not fulfilled. For example 

obviously oscillates, 8^ being alternately equal to 1 and to 0. 

(11) If + 2^2 + •••> ... are two aeries of positive (or 

zero) terms, and the second series is convergent, and if g 
where K is a constant, for all values of n, then the first series is also 
convergent, and its sum does not exceed K times that of the second. 

For if + 1 ^ 2 4- ... = t then 4-^2 + ... + ^ ^ for all values of n, 

and m + + ... which proves the theorem. 

Conversely, if is divergent, and ^ where K>0, 
then Ev^ is divergent. 

78. The infinite geometrical series. We shall now con- 
sider the ‘geometricar series, whose general term is 
In this case 

= i + r4-r2+...4-r^-^ = (1 -r^)/(l -r), 
except in the special case in which r = 1, when 
5^ = 14-14-...4-1 = n. 

In the last case 5 ^-> 4 -oo. In the general case s^ will tend to a 
limit if and only if r^ does so. Referring to the results of § 72 we 
see that the series 1 + r + + . . . is convergent and has the sum 

1/(1 —r) if and only if — l<r<\. 

If r> 1, then s^Zn, and so 5^-> + oo; i.e. the series diverges 
to 4 - 00 . If r = - 1, then «„ = 1 or = 0 according as n is odd 
or even: i.e. s^ oscillates finitely. If r < — 1, then s^ oscillates 
infinitely. Thus, to sum up, the series \ -^r + r’^+ ... diverges to 
4- (X) r S 1, converges to \j(l-r) if - l<r<l, oscillates finitely 
i/ r = — 1, and oscillates infinitely if r< — 1. 

Examples XXIX. 1. Recurring decimals. The commonest example 
of an infinite geometric series is given by an ordinary recurring decimal. 
Consider, for example, the decimal *21715. This stands, according to the 
ordinary rules of aritlunotic, for 

2 1 7 1 3 1 3 _ 217 13 // 1 \ 2087 

To w io> w icT* ''' 1 0’ Togo To*/ \ iov“ 12376' 
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The reader should consider where and how any of the general theorems of 
§ 77 have been used in this reduction. 

2. Show that in general 


•Oi Oi . . . . . . oc^ — 


Oj 0^2 • • • Clrn ^1 ^2 • • ‘ ^2 ■ • ' 

^ 99 ~"900 . .To 


the denominator containing n 9’8 and m O’s. 

3. Show that a pure recurring decimal is always equal to a proper 
fraction whose denominator does not contain 2 or 5 as a factor. 


4. A decimal with in non-recurring and n recurring decimal figures is 
equal to a proper fraction whose denominator is divisible by 2”* or 6"* but 
by no higher power of either. 

6. The converses of Exs. 3, 4 are also true. Let r = p/g, and suppose 
first that q is prime to 10. If we divide all powers of 10 by q wo can obtain 
at most q different remainders. It is therefore possible to find two numbers 
111 and rij, where n^> such that 10"i and 10"8 give tho same remainder. 
Hence 10"i— 10”2= 10”2(10”i~"» — 1) is divisible by g, and so 10”— 1, 
where n = — rig, is divisible by g. Hence r may be expressed in the form 

P/( 10”— 1), or in the form p p 


i.e. aa a pure recurring decimal with n figures. If on the other hand 
q = 2“5^Q, where Q is prime to 10, and m is the greater of a and fl, then 
10”*r has a denominator prime to 10, and is ther(3fore expressible os the 
sum of an integer and a pure recurring decimal. But this is not true of 
lO^r, for any value of p less than m; hence the decimal for r has exactly 
m non-recurring figures. 


6. To the results of Exs. 2-5 wo must add that of Ex. i. 3. Finally, if 


we observe that 


A 9 9 9 

io+ro»+io3+ - - ’’ 


we see that every terminating decimal can also bo expressed as a mixed 
recurring decimal whose recurring part is composed entirely of O’s. For 
example, -217 = •216&. Thus every proper fraction can be expressed as a 
recurring decimal, and conversely. 

7. Decimals In general. The expression of Irrational numbers 
as non-recurring decimals. Any decimal, whether recurring or not, 
oorreeponda to a definite number between 0 and 1. For the decimal 
. . . stands for the series 

. 

10 10 * 10 * 
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Since all the digits are positive, the sum 8^ of the first n terms of this 
series increases with n, and it is certainly not greater than or 1. Hence 
8n tends to a limit between 0 and 1. 

Moreover no two decimals can correspond to the same number (except 
in the special case noticed in Ex. 6). For suppose that ■a^a^|ag ‘b^b^b^ 
are two decimals which agree as far as the figures while af>b^. 

Then o,. > 6^ + 1 > b/ b^^i b^^^ . . . (unless b^^^* ^r+a» ■ • • aU 9’s), and so 

■^1 ^r+l • - . > •&! 6a • ■ ■ +1 • • • • 

It follows that the expression of a rational fraction as a recurring decimal 
(Exs. 2-6) is unique. It also follows that every decimal which does not 
terminate or recur represents some irrational number between 0 and 1. 
Conversely, any such number can be expressed as such a decimal. For it 
must lie in one of the intervals 

A; A» Aj 1* 

If it lies between A(^ + 1 )» then the first figure is r. By sub-dividing 

this interval into 10 parts we can determine the second figure; and so on. 
But (Exs. 3, 4) the decimal cannot recur. Thus, for example, the decimal 
T414 ..., obtained by the ordinary process for the extraction of -^2, cannot 
recur. 

8. The decimals -lOlOOlOOOlOOOOlO... and -2020020002000020..., in 
which the number of zeros between two 1 ’s or 2’8 increases by one at each 
stage, represent irrational numbers. 

9. The decimal -11101010001010..., in which the nth figure is 1 if n is 
prime, and zero otherwise, represents an irrational number. [Since the 
number of primes is infinite the decimal does not terminate. Nor can it 
recur: for if it did we could determine m and p ho tliat m, m + p, m + 2p, 
m + 3p, ... are all prime numbers; and this is absurd, since the series 
includes m-\-mp*.] 

Examples XXX. 1. The series r”* + -f . . . is convergent if 
— 1 <r< 1, and its sum is 1/(1— r)— 1 — r— ... — (§77, (2)). 

2. The series r”* + + . . . is convergent if — 1 < r < 1 , and its sum is 

r^l{l—r){^n, (4)). Verify that the results of Exs. 1 and 2 are in agreement. 

3. Prove that the series 1 -h 2r -f 2r2 + . . . is convergent, and that its sum 

is (1 -j-r)/(l — r), (a) by writing it in the form — 1 + 2(1 +r-f r*-f ...), 
(/?) by writing it in the form 1 + 2(7- + + ...), (y) by adding the two series 

In each case mention which of the theorems of 

§ 77 are used in your proof. 

* All the results of Exs. xxix may be extended, with suitable modifications, to 
decimals in any scale of notation. For a fuller discussion see Bromwich, Infinite 
eerieSf Appendix I. 
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4. Prove that the ‘arithmetic* series 


a + (o + 6) (a + 26) + . . . 

is always divergent, imless both a and 6 are zero. Show that, if b is not 
zero, the series diverges to 4- oo or to — co according to the sign of 6, while 
if 6 = 0 it diverges to + oo or — oo according to the sign of a. 

6. What is the sum of the series 


(l-r)4-(r-r2) + (r*-r*) + ... 

when the series is convergent ? [The series converges only if — 1 < r ^ 1 . 
Its sum is 1, except when r = 1, when its sum is 0.] 

6. Sum the series r*H 1 h [The series is always con- 

1+r^ (l+r2)2^ 

vergent. Its sum is 1 + r^, except when r = 0, when its sum is 0.] 

7. If wo assume that 1 + ... is convergent, then we can prove that 

its sum is 1/(1 —r) by means of § 77, (1) and (4). For if H-r + r*4-... = s 

» = l + r(l+r> + ...) = l + r«. 


r r 

8. Sum the series r-}-~ — -H }-... 

l+r (l+r)2 

when it is convergent. [The series is convergent if — 1 < 1/(1 +r) < 1, i.e. 
if r < — 2 or if r > 0, and its sum is l+r. It is also convergent when r = 0, 
when its sum is 0.] 

9. Answer the same question for the series 


r r r r 




r f ’’ Y 

T+''r''’ Vr+~r/ “■■■ 

• i + +■••• 


10. Consider the convergence of the series 

{l + r) + (r^ + T^) + .... (l + r + r*) + (r’ + r* + r'') + 
l-2r + r» + r’-2r* + r»+..., (1 - 2r + r>) + (r» - 2r‘ -l-r^) + .... 

and find their sums when they are convergent. 

11. If 0^o„^l then the series aQ + a^r + a^r^+... is convergent for 
O^r < 1, and its sum is not greater than 1/(1 — r). 

12. If in addition the series aQ + a^+a^ + ... is convergent, then the 

series aQ + a^r + a^r^ + . . . is convergent for 1, and its sum is not 

greater than the lessor of + . . . and 1/(1 — r). 

13. The series i + 1 + J_+ _L_ + ... 

is convergent. [For 1/(1 .2 ... n)^ l/2"~^.] 
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14. The series 

1 1 11 1 

l'*’ 1.2.3"^ 1.2. 3. 4. s’*”'” 

are convergent. 

15. The general harmonic series 

1 _1 1 
a a -\-2h^ 

where a and b are positive, diverges to + oo. 

[For l/(a -f n6) > l/{n(a + 6)}. Now compare with 1 + J + } + ....] 
IG. Show that the series 

(Wo - Wi) + (Ml -- Mj) + (m, - Ma) -h . . . 

is convergent if and only if tends to a limit as n oo. 

17. If Ml + Ma-|-Mj-|- ... is divergent, then so is any series formed by 
grouping the terms in brackets in any way to form new single terms. 

18. Any series, formed by taking a selection of the terms of a con- 
vergent aeries of positive terms, is itself convergent. 

79. The representation of functions of a continuous 
real variable by means of limits. In the preceding sections 
we have frequently been concerned with limits such as 

lim 

00 

and series such as 

u^{x)-\-^l^(x)^■ ... lim {Mj(x) + M 2 (a;) + ...+«„(*)}> 

u CO 

in which the function of n whose limit we are seeking involves, 
besides n, another variable x. In such cases the limit is of coui'se 
a function of x. Thus in § 75 we encountered the function 

J[x) = hm 1): 

n— >■ c» 

and the sum of the geometrical series 1-hx + x^-h ... is a function 
of x, viz. the function which is equal to 1/(1 — a:) if — 1 < x < 1 and 
is undefined for all other values of x. 

Many of the apparently ‘arbitrary’ or ‘unnatural’ functions 
considered in Ch. II are capable of a simple representation of this 
kind, as will appear from the following examples. 
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Examples XXXI, 1. = x. Here n does not appear at all in the 

expression of and (p{x) = lim (f>n{x) = x for all values of x. 

2. (f>n{^) = xjn. Here <j>{x) = liin^„(a;) = 0 for all values of x. 

3. (/)„{x) = nx. If x>0, <f)n{x)-^-{-oo; if x<0, (/)n{x) ~>-od: only when 
X = 0 has (f>n(^) a liiAit (viz. 0) as n oo. Thus (^(x) = 0 when x = 0 and is 
not defined for any other values of x. 

4. i^„(x) = l/nx, nxl{nx-f 1). 

6. (f>n(x) = X". Here (f>{x) = 0, ( — 1 <x< 1); (fi{x) = 1, (x= 1); and 0(x) 
is not defined for any other value of x. 

6. <^n(^) = x"(l — x). Here <^(x) differs from the (f>{x) of Ex. 6 in that 
it has the value 0 when x = 1. 

7. 0„(x) = x"/n. Here </){x) differs from the (p{x) of Ex. 6 in that it has 
the value 0 when x = — 1 as well os when x = 1. 

5. (f>^{x) = x-l{x-+l). [^5(x) = 0, (-l<x<l); (p{x) = l (x=l); 

(f>(x) = l,(x<--lorx>]); and (f>{x) is not dofmed when x = — 1 .] 

9 x"_ 1 

x”— x"+i' x”— l’ X" + X~"' x" — X“"* 

10. Prove that, if x>0, the function (x"— l)/(x"+ 1) tends to a limit 
when n ^ 00 , and that the limit has throe different values in the three cases 
x< 1, X = 1, and x> 1. (Math. Trip. 1935) 

Discuss also the functions 

nx" — 1 X" — n 
nx" + 1 ' X” + n’ 


11. Construct an example in which 0(x) = 1, (|x|>l); ^(x) = 
(I X I < 1); and 0(x) = 0, (x= 1 and x= — 1). 


- 1 , 


12. 0„(x) = XI 


2 , 27 . _ 1 

x2"4^ 


x” + x“" + n 


13. 0„(x) 


x^f(x) + g{x) 
x” + 1 


[Here <j>(x) =/(x), (| x | > 1); ^^(x) = ^(x), (| x | < 1); ^(x) = \{f{x)l-g(x)}, 
(x= 1); and 0(x) is undefined when x = — 1.] 

14. ^„(x) = (2/77) arc tan (nx). [^^(x) = 1, (x>0); (^(x) = 0, (x = 0); 

(p(x) = — 1, (x<0). This function is important in the theory of numbers, 
and is usually denoted by sgn x.] 

15. <t>n(^) = sinnxTT. [^(x) = 0 when x is an integer; and (}>(x) is other- 
wise undefined (Ex. xxrv. 7).] 
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16. If (pni^) — 8 inn! 2 : 7 r, then = 0 for all rational values of x 
(Ex. xxrv. 13). [The consideration of irrational values presents greater 
difficulties.] 

17. (f>n{x) = (cos*r7r)". [(l>{x) = 0 except when x is integral, when 

<l>(x) = 1 .] 

18. IfN^^1753 then the number of days in the year N a.d. is 

lim {365 4- (cos* — (cos® + (cos® 4 lc)^n)^}. 

80 . The bounds of a bounded aggregate. Let S be any system or 
aggregate of real numbers a. If there is a number K such that a^K for 
every a of S, we say that iSv is bounded above. If there is a number k such 
that a'>k for every a, we say that S is bounded below. If is both bounded 
above and bounded below, we say simply that S is bounded. 

Suppose first that S is bounded above (but not necessarily below). 
There wiU be an infinity of numbers which possess the property possessed 
by K\ any number greater than K, for example, possesses it. Wo shall 
prove that among these numbera there is a least* ^ which we shall call M. 
This number M is not exceeded by any member of *S, but every number 
less than M is exceeded by at least one member of S. 

We divide Mie real numbers ^ into two classes L and R, putting £ into L 
or R according as it is or is not exceeded by members of S. Then every ^ 
belongs to one and one only of the classes L and R. Each doss exists; for 
any number less tlian any member of S belongs to L, while K belongs to R. 
Finally, any me^rnber of L is loss than some member of S, and therefore 
loss than any member of R. Thus the tluee conditions of Dedekind’s 
theorem (§17) are satisfied, and there is a number M dividing the classes. 

The number M is the number whose existence we had to prove. In the 
first place, M cannot be exceeded by any member of S. For if there were 
such a member a of S, we could write a = Af + 77 , where tj is positive. The 
number Af -}- J 77 would then belong to L, because it is less than a, and to i?, 
because it is greater than Af; and this is impossible. On the other hand, 
any number less than M belongs to L, and is therefore exceeded by at 
least one member of S. Thus M has all the properties required. 

This number Af we call the upper bound of S, and w^e may enunciate the 
following theorem. Any aggregate S which is bounded above has an upper 
bound M. No member of S exceeds M ; but any number less than M is ex- 
ceeded by at least one member of S. 

* An infinite aggregate of numbers does not necessarily possess a least member. 
The set consisting of the numbers 

1 , 

for example, has no least member. 


1 
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In exactly the same way we can prove the corresponding theorem for 
an aggregate bounded below (but not necessarily above). Any aggregate 
S which is bounded below has a lower bound m. No member of S is less than 
m ; but there is at least one member of S which is less than any number greater 
than m. 

It will be observed that, when S is bounded above, M ^ iT, and when S 
is bounded below, m^k. When S is bounded, k^m^M ^ K. 

81 . The bounds of a bounded function. Suppose that <j)(n) is a func- 

tion of the positive integral variable n. The aggregate of all the values 
0(n) defines a set to which we may apply aU the arguments of § 80. 
If /S is bounded above, or bounded below, or bounded, we say that <p(n) 
is bounded above, or bounded below, or bounded. If (jy^n) is bounded 
above, that is to say if there is a number K such that for all 

values of n, then there is a number M such that 

(i) (f>{n) for all values of n; 

(ii) ifdis any positive number then <p{n) > M — S for at least one value of n. 
This number M we call the upper bound of (p{n). Similarly, if ^^(n) is 
bounded below, that is to say if there is a number k such that ^(n) ^ A: for 
all values of n, then there is a number m such that 

(i) (j){n)^m for all values of n\ 

(ii) if 8 is any positive number then <j){n) < m + 8 for at least one value of n. 
This number m wo call the lower hound of (j)(n). 

If K exists, M ii k exists, m^k; and if both k and K exist, then 
k^m^M <K. 

82. The limits of indetermination of a bounded function. Suppose 
that (p{n) is a bounded function, and AI and m its upper and lower bounds. 
Let us take any real number and consider now the relations of inequality 
wliich may hold between J and the values assumed by ^(n) for large values 
of n. There are three mutually exclusive possibilities: 

(1) (^(n) for all sufficiently large values of n; 

(2) ^'^(p{n) for aU sufficiently large values of n\ 

(3) £<0(n) for an infinity of values of n, and also ^>^(n) for an 
infinity of values of n. 

In case (1) wo shall say that ^ is a superior number, in case (2) that it is 
an inferior number, and in case (3) that it is an intermediate number. It is 
plain that no superior number can bo loss than m, and no inferior number 
greater than M. 

Let us consider the aggregate of all superior numbers. It is bounded 
below, since none of its members is loss than m, and has therefore a lower 
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bound, which we shall denote by A. Similarly the aggregate of inferior 
numbers has em upper bound, wliich we denote by A. 

We caU A and A respectively the upper and lower limits of indetermination 
of (j>(n) 08 n tends to infinity; and write 

yl = lim0(n), A = lim55{n), 

These numbers have the following properties: 

( 1 ) m^XSA^Mi 

(2) A and A are the upper and lower bounds of the aggregate of inter- 
mediate numbers, if any such exist; 

(3) if is any positive number, then ^^(n) < /I + ^ for all sufficiently large 
values of n, and ^(n) >A — d for an infinity of values of n; 

(4) similarly (f){n)> \ — S for all sufficiently largo values of n, and 
<p{n) < A + ^ for an infinity of values of n; 

(5) a necessary and sufficient condition that (f){n) should tend to a limit 
is that /I = A, and in this case the limit is h the common value of A and A. 


Of those properties, (1) is an immediate consequence of the definitions; 
and we can prove (2) as follows. If /I = A =•• h there con be at most one 
intermediate number, viz. I, and there is nothing to prove. Suppose then 
that A> X. Any intermediate number ^ is less than any superior and 
greater than any inferior number, so that A^f^/l. ButifA<^</l then 
^ must bo intermediate, since it is plainly neither superior nor inferior. 
Hence there are intermediate numbers as near as we please to either 
A or A. 


To prove (3) we observe that /l + (5 is superior and A — S intermediate 
or inferior. The result is then an immediate consequence of the definitions; 
and tho proof of (4) is substantially tho same. 

Finally (5) may be proved as follows. If yl = A = Z, then 
l — S<(p{n)<l-\-S 

for every positive value of S and all sufficiently large values of n, so that 
<f>{n) -^l. Conversely, if (pin) -►Z, then tho inequalities above written hold 
for all sufficiently large values of n. Hence l — d is inferior and l-\-d superior, 

AgJ-<5, A^l + S, 

and therefore A — X^2$. Since d — A ^ 0, this can only be true if A = X. 


Examples XXXII. 1 . Neither A nor A is affected by any alteration in 
any finite number of values of (f}{n). 

2. If (/)(n) = a for all values of n, then m = X = A = M = a. 

3. If <p{n) = then m = X — A — 0 and M = 1. 

4 . If <p(n) = ( — 1)", then m = A = — I and A = M = I, 
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6. If (j)(n) = ( — then m = — l,A = yl = 0, ikf = 4. 

6. J£(l>(n) = (- l)"(l + n-i), then m = - 2, A = - 1, /I = 1, -Zkf = ?. 

7. Let <p{Ti) = sinn^TT", where ^>0. If ^ is an integer, then 

m = A = yl = M = 0. 

If ^ is rational but not integral a variety of cases arise. Suppose, e.g., that 
0 = pjciy p and q being positive, odd, and prime to one another, and g'> 1. 
Then <p(n) assumes the cyclical sequence of values 

pTT . 2pTT . {2q-l)pTi . 2qjpTJ 

sin — , sin sin — , sm 

q q q q 

It is easily verified that the numerically gieatest and least values of ^(n) 
are cos (77/2^) and — cos (7r/2g), so that 

^77 77 

m = A = — cos — , A = M = cos — . 

2q 2q 

The reader may discuss similarly the cases wliich arise when p and q are 
not both odd. 

The C6LSe in which d is irrational is more difficult: it may be shown that 
in this case m = A = — 1 and A = M = 1. It may also be shown that the 
values of <f>(n) are scattered all over the interval ( — 1, 1 ) in such a way that, 
if 5 is any number of the interval, then there is a sequence n^, rij, . . . such 
that 0(n*) bls oo*. 

The results are very similar when ^(n) is the fractional part of nd. 


83. The general principle of convergence for a bounded function. 

The results of the preceding sections enable us to formulate a very im- 
portant necessary and sufficient condition that a bounded function (j){n) 
should tend to a limit, a condition usually referred to os the general prin- 
ciple of convergence to a limit. 

Theokem 1. A necessary and svfficient condition that a bounded function 
f>{n) should tend to a limit is that^ when any positive number d is given, it 
should be possible to find a number nf^8) such that 

I f>{n2)-^{ni) I 

for all values of n^ and n^ such that n, > ^ 


In the first place, the condition is necessary. For if ^^(n) -^l then we can 
find Tin so that , , . ,, , , , . 


when n ^ n^, and so 
when ^ Uq and rij ^ tIq. 


I — <<p{n) <l~[- Id 

I f5(nj)-55(ni) |<(5 (1) 


* A number of simple proofs of this result are given by Hardy and Littlewood, 
*Sorae problems of Diophantine approximation”, Ada mathemaiica, vol. xxxvu. 
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In the second place, the condition is sufficient. In order to prove this we 
have only to show that it involves A = /I. But if A < /I then there are, 
however small d may be, infinitely many values of n such that ^(n) < A + 
and infinitely many such that ^(n)>/l — (J; and therefore we con find 
values of and n,, each greater than any assigned number Uq, and such 

^(n,) — ^(n^) > /d — A — 

which is greater than i{A — X) if 8 is small enough. This plainly con- 
tradicts the inequality (1). Hence A = /I, and so <f){n) tends to a limit. 

84. Unbounded functions. So far we have restricted ourselves to 
bounded functions; but the ‘general principle of convergence ’ is the same 
for unboimded as for bounded functions, and the words ‘a hounded 
function' may be omitted from the enunciation of Theorem 1. 

In the first place, if <?i(n) tends to a limit I then it is certainly bounded ; for 
all but a finite number of its values are less than 1-^8 and greater than / — 5. 

In the second place, if the condition of Theorem 1 is satisfied, we have 
I <A(n,) - 9i(ni) I < <J 

whenever n^'^nQ and nj>no. Let us choose some particular value 
greater than Then - S «/>{n,) + S 

when n, Hence <f>{n) is bounded; and so the second part of the proof 
of the preceding section applies also. 

The theoretical importance of the ‘general pi-inciple of convergence’ 
can hardly be overestimated. Like the theorems of § 09, it gives lis a means 
of deciding whether a function <f>{n) tends to a limit or not, without 
requiring us to be able to tell beforehand what the limit, if it exists, must 
be; and it has not the limitations inevitable in theorems of such a special 
character as those of § 69. But in elementary work it is generally possible 
to dispense with it, and to obtain all we want from these special theorems. 
And it will be found that, in spite of the importance of tluj principle, 
practically no applications are made of it in the chapters which follow*. 
We will only remark that, if we suppose that 
(f{n) = + 

we obtain at once a necessary and sufficient condition for the convergence 
of on infinite series, viz. 

Theorem 2. A necessary and sufficient condition for the convergence 
of the series + Wg 4- . . . is that, given any positive number 8, it should he 
possible to find rig so that 

l“n.+l + «n, + 8+---+“nJ<'5 

for all values of and such that ^ rig. 

• A few proofs given in Ch. VIII can be simplified by the use of the principle. 
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85. Limits of complex functions and series of complex 
terms. In this chapter we have, up to the present, concerned 
ourselves only with real functions of n and series all of whose 
terms are real. There is however no difficulty in extending our 
ideas and definitions to the case in which the functions or the 
terms of the series are complex. 


Suppose that ^(n) is complex and equal to 
p{n)-\-i(T{n), 

where p{n), cr(n) are real functions of n. Then if p{n) and <j{n) 
converge respectively to limits r and s as n ->00, we shall say that 
f){n) converges to the limit I = r + is, and write 


lim </>{n) = L 

Similarly, when is complex and equal to + iw^, we shall say 

that the series 

% + + ••• 

is convergent and has the sum ^ = r + is, if the series 


Vl + ^2 + + . . . , + ^3 + • • • 

are convergent and have the sums r, s respectively. 


To say that u^-\-U2-\-u^-\- ... 19, convergent and has the sum I is 
of course the same as to say that the sum 

= %4-W2+...+'Wn = + + + 

converges to the hmit Z as ti -> 00. 

In the case of real functions and series we also gave definitions 
of divergence and oscillation, finite or infinite. But in the case of 
complex functions and series, where we have to consider the 
behaviour both of p{n) and of cr(n), there are so many possi- 
bihties that this is hardly worth while. When it is necessary to 
make further distinctions of this kind, we shah make them by 
stating the way in which the real or imaginary parts behave 
when taken separately. 


86 . The reader will find no difficulty in proving such theorems 
as the following, which are obvious extensions of theorems 
already proved for real functions and series. 
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(1) If lim^(n) = Z, then Iim^S(7i+_p) = Z for any fixed value 
of p. 

(2) If u-^^ + U 2 + ... is convergent and has the sum Z, then 

a4'5 + c + ... + + ••• is convergent and has the sum 

a + 6 + c+... + /:: + Z, and + ••• is convergent and has 

the sum l — u^ — U 2 — ,,,—Up. 

(3) If lim55(7i) = Z and lim^(n) = m, then 

lim{(f){n)~{-ijr(n)} = l + m. 

(4) If lim^(n) = Z, then limZ:^(n) = kl. 

(5) If lim (f){n) = Z and lim r/r{n) = m, then lim (f){n) i/r{n) = Im. 

(6) If u^-\-U 2 + ... converges to the sum Z, and ... to 

the sum m, then (?^^ + ri) + (i ^2 + r 2 ) + ... converges to the sum 
Z 4-ra. 

(7) If i6j + ?i 2 +... converges to the sum Z, then ku^^-ku^^ ... 
converges to the sum kl, 

(8) If '141 + 2^2 + ^3 + ••• is convergent, then lim -14^^ = 0. 

(9) If 24 i + 242 + 243+ ... is Convergent, then so is any series 
formed by grouping the terms in brackets, and the sums of the 
two series are the same. 

As an example, lot us prove tlioorom (5). Lot 

0 (n) = p(n) + 4(7(n), yV(n) = p'(n) + icr'(n), l — r + is, m^r' + is'. 
Then p(n)->r, cr{n)^8, p'{n)-^r\ (r'{n)^s\ 

But (f>{n) }/r{n) = pp' - crer' + {{per' + p'a), 

and pp' — G’d' ~^rr' — 8s\ pa' p'(T rs' -^r's; 

80 that <p{n)i/r{n) ^rr' — 83' ~\-i{rs' •^r'8)y 

i.e. <f>{n) }/r{n) -^{r-his) [r' + 13') — Im. 

The following theorems are of a rather different character. 

(10) In order that ^(ri) = p{n) + i(j{n) should converge to zero as 
n-^oOy it is necessary and sufficient that 

I <p{n) I = V[{P(«)}® + 

should converge to zero. 

If p(n) and a(n) both converge to zero, then it is plain that V(P*+^®) 
does so. The converse follows from the fact that the numerical value of p 
or a cannot be greater than V(P* + ^*)* 


H P M 


ZI 
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(11) More generally^ in order that <f>{n) should converge to a 
limit Z, it is necessary and sufficient that 

\4>(n)-l\ 

should converge to zero. 

For <f>{n) — l converges to zero, and we can apply (10). 

(12) Theorems 1 and 2 of §§83-84 are still true when <}){n) 
and are complex. 

We have to show that a necessary and sufficient condition that <j)(n) 

should tend to I is that /iv 

10(n2)-0(n,)l<(^ (1) 

when n, > fij ^ rio- 

If (j>(n) -> I then p(n) -► r and a(n) -> s, and so we can find numbers and 
nj depending on S and such that 

1 Pint)-pini) I < ja, 1 cr(nj) - <T{n^} | < iS, 
the first inequality holding when n 2 > and the second when 

nj>ni^nJ. Hence 

I I s I p(”j) -p(«i) I + I I < a 

when rij > rii ^ Uq, whore tIq is the greater of and n^. Thus the condition 
(1) is necessary. To prove that it is sufficient we have only to observe that 

I /5(«i) - p{ni) 1 S 1 0(nj) - 4>(ni) [ < a 

when n,> ^ rig. Thus p{n) tends to a limit r, and in the same way it may 

be shown that cr(n) tends to a hmit s, 

87. The limit of as n-^co, z being any complex 
number. Let us consider the important case in which (f){n) = z^. 
This problem has already been discussed for real values of 2 in 
§72. 

If z'^-^Z then z^+i->Z, by (1) of § 86. But, by (4) of § 86, 

= zz^^zl, 

and therefore Z = zZ, which is only possible if (a) Z = 0 or (6) z = 1. 
If z = 1 then limz^ = 1. Apart from this special case the limit, 
if it exists, can only be zero. 

Now if z = r(cos (9 + i sin 6), where r is positive, then 
gn ^ r"(cos n6 + i sin nd), 
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86 - 88 ] 

so that I 2 " I = r". Thus | z” | tends to zero if and only if r < 1 ; 
and it follows from ( 10 ) of § 86 that 

lim 2 " = 0 

if and only if r < 1 . In no other case does converge to a limit, 
except when z = 1 and z^ 1 . 


88. The geometric series I+Z + 22 +,.. when 2 is com 
plex. Since 


3 


n 


1 -1-Z-(-22+ ... -f 


l-2’‘ 

1 -Z ’ 


unless 2 = 1 , when the value of is n, it follows that the series 
1 -h 2 4 - 2 ^ 4 - . . . ia convergent if and only ifr= \ z\ <l. And its sum 
when convergent is 1/(1 — 2 ), 

Thus if 2 = r(cos Oi-i sin 0) = r Cis 0, and r < 1 , we have 


14-2 + 22 + 


1 

1 — r Cis ’ 


or 


1 +r Cis 6 > + r2 Cis 2(9+ ... = 


1 


1 — r cos 0 + ir sin 0 


1 — r Cis 0 1 — 2r cos 6 * + 

Separating the real and imaginary parts, we obtain 


1 + r cos 9 + r2 cos 29 + . . . = 
r sin 9 + r 2 sin 29 + . . . = 


1 — r C03 9 
1 — 2r cos 9 + 7-2* 

7'8in9 

1 — 2r cos 9 + r2 ' 


provided r < 1 . If we change 9 into 9 + tt, we see that these results 
hold also for negative values of r numerically less than 1. Thus 
they hold when — 1 < r < 1 . 

Examples XXXIII. 1. Prove directly that ^(n) = r" cos nO converges 
to 0 when r < 1 and to 1 when r = 1 and 9 is a multiple of 2tt. Prove further 
that if r = 1 and 6 is not a multiple of 277, then (j)(n) oscillates finitely; if 
r > 1 and 9 is a multiple of 277, then <l>[n) + oo ; and if r > 1 and 9 is not a 
multiple of 277, then (j)(n) oscillates infinitely, 

2. Establish a similar series of results for (p{n) = r" sin 7i9. 


11-2 



164 


LIMITS OF FUNCTIONS OF A 


[IV 


3. Provo that 


Z”* _j_ + . . . = 

2tn ^ 22"*+! + 22"*+* + . . . = 


1 - 2 * 

^ 1 +z 
' 1 -z' 

if and only if | z | < 1. WTiich of the theorems of § 86 do you use? 
4. Prove that if — 1 < r < 1 then 

1 + 2r cos Q + 2r* cos 20-\- ... = 


1 -r* 


6. The series 


converges to the sum I / ( 1 — 


2 / 2 

1 + 7 — h ( 

1 4 - Z \ 1 -h 2. 


I — 2r COS 

+ ... 


1 + - 


= 1+2 if 


1 + Z 


< 1. Show that this 


condition is equivalent to the condition that 2 has a real part greater 
than — 


89. The symbols O, o, We conclude this chapter with 
some definitions which we shall not use till later but whose 
logical place is here. 

Suppose that/(?t) and ^(71) are two functions of n defined at any 
rate for all sufficiently large values of ti, say for and that 

^{n) is positive and increases or decreases steadily as n increases, 
so that ^(n) tends to zero, or to a positive limit, or to infinity, 
when 71 ^ 00 . In practice 9^(71) will be some simple function such 
as I/ti, 1, or n. Then we lay down the following definitions. 


(i) If there is a constant K such that 



IIA 

for n ^ tIq, we write 

f=0(<f>). 

(ii) If 

flf>^o 

when 71-^00, we write 

f = o(f>). 

(iii) If 


where ids write 

f~if>. 

In particular 

/=0(1) 

means that / is bounded (so that it either tends to a limit or 

oscillates finitely), and 
means that /-► 0. 

f=o{l) 
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88, 89] 
Thus 


n = 0(n^), 
n = o(n2), 
71+ 1 n, 


and 

if Aq =t 0, 6 q + 0. 


10071*+ IOOOti = 0(71*), sin 711977 = 0(1), 
10071*+ IOOOti = 0 ( 71 *), 8in77^?77 = 0 ( 71 ), 

1 OOti* + 1 OOOn ^ 1 OOti*, n + sin ndn ^ n, 
a oWJ’ + ai7i^-i + ...+ap 
6o7!.8+6in«-i + ...+6j "tp 


We add one remark to guard against a possible misapprehension. To 
say y = 0(0) ’ is to assert what is often meant by saying that is not 
of a higher order of magnitude than 0 and does not exclude its being of 
a lower order (as in the first of the relations above). 


So far we have defined (e.g.) 'f{n) = 0(1)’, or ‘/(n) = o{n)\ 
but not ‘0(1)’ or ‘ 0 ( 71 )’ in isolation. We can however make our 
definitions more elastic. We may agree that 0(0) or o(0) denotes 
an unspecified f such that f = 0(0) or f = o(0); and we can then 
write, for example, 

0(1) + 0(1) = 0(1) = 0(77), 

meaning thereby ‘if /= 0(1) and g = 0(1), then f-i-g = 0(1) 
and a fortiori f + g = o{n)\ Or again we may write 

1 0(1) = 0{n) 

r-1 

meaning that the sum of n terms, each less in absolute value 
than a constant, is less than a constant multiple of n. 

It will be observed that our formulae involving 0 and 0 will 
usually not be reversible. Thus ‘o(l) = 0(1)’, i.e. ‘if / = o(l) 
then/ = 0(1)’, is true, but ‘0(1) = o(l)’ is false. 

It is easy to formulate a number of general properties of our 
symbols, such as 

(1) 0{(^) + 0(f) = 0{c/> + i/r), 

(2) 6»(?)) 0(i/r) = 0(,^>n 

(3) 0{<j))o{f) = o{<l)f), 

(4) then /+ 0(^5) 

Such theorems are immediate corollaries from the definitions. 
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The usefulness of these definitions, and of the corresponding 
definitions for functions of a continuous variable, will appear 
more clearly in later chapters. 

MISCELLANEOUS EXAMPLES ON CHAPTER IV 

1. The function 0(n) takes the values 1, 0, 0, 0, 1, 0, 0, 0, 1, ... when 

n = 0, 1, 2 Express <l>(n) in terms of n by a formula which does not 

involve trigonometrical functions, [^(n) = i{ 1 -H ( — 1 ) " + 1" ■+■ ( — ») "}.] 

2. If (f>(n) steadily increases, and \^(n) steadily decreases, as n tends to 
00 , and if V^(n) > ^(n) for all values of n, then both (j>(n) and j/"(n) tend to 
limits, and hm (j>(n) ^ lim V^(n). [This is an immediate corollary from § 69.] 

3. Prove that, if 

then (f>{n-\- 1) > ^(n) and y5^(n-|- 1) < ^(n). [The first result has already been 
proved in § 73.] 

4. Prove also that ^(n) > ^(n) for all values of n: and deduce (by means 
of the preceding examples) that both ^(n) and ^{n) tend to limits as n 
tends to 00 *. 

6. The arithmetic mean of the products of aU distinct pairs of positive 
integers whose sum is n is denoted by S„, Show that hm (S„ln^) = 1/6. 

{Math. Trip. 1903) 

6. If Xif a:,, Xn are positive, 2Jx^ = n, the Xr are not aU equal to 1, 
and m is rational and greater than 1, then £x'P>n. (Math. Trip. 1934) 

[Use the inequality a;”* — 1 > m(x — 1), true for all positive x but 1 (§74).] 

7. If 0(n) is a positive integer for all values of n, and tends to oo with n, 
then tends to 0 if 0 < a: < 1 and to + oo if a; > 1. Discuss the behaviour 
of as n -► 00 , for other values of x. 

8|. If a„ increases or decreases steadily as n increases, then the same is 
true of (Oi -H o, 4- . . . + On)/^. 

9. The fimction/(x) is increasing and continuous (see Ch. V) for all 
values of x, and a sequence Xj, x,, ... is defined by the equation 
= f{x„). Discuss on general graphical groimds the question whether 
x„ tends to a root of the equation x = f(x). Consider in particular the 
case in which this equation has only one root, distinguishing the cases in 
which the curve y = f{x) crosses the line y = x from above to below and 
from below to above. 

• We Bhall prove in Ch. IX that lim {^(n) - (j){n)) = 0, and that therefore each 
function tenda to the limit t. 

t Exa. 8-11 and 15 are taken from Bromwich’s Infinite eeries. 
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10. If x^+i = kj{l-\-x^)y and k and x^ are positive, then the sequences 

increasing and the other a de- 
creasing sequence, and each sequence tends to the limit a, the positive 
root of the equation x* + x = A;. 

11. If = -^(A: + x„), and k and are positive, then the sequence 
Xi, X,, Xj, ... is an increasing or decreasing sequence according as x^ is less 
than or greater than a, the positive root of the equation x* = x + A:; and 
in either case x„ -► a as n -► oo. 


12. A sequence of numbers x„ is defined by 
z, = *, x„^^ = xl + k, 

where 0 < A: < i and h lies between the roots a and b of the equation 

x^ — x-\-k = 0. 

Prove that a<x„^i<x„<6, 

and determine the limit of x„. (Math. Trip. 1931) 


13. Prove that if Xj = J{x + (A/x)}, Xj = A(xi + (.I/Xj)}, and so on, x and 
A being positive, then lim x„ = ^A. 

X —JA /x — J4\^^ 

[It can be proved that •] 


14. A sequence u„ is determined by the relations 

afi 


Ui = a + /?, u„ = a + y^- 




(n>l). 


where a > /? > 0. Show that 


^n-l 


(Math. Trip, 1933) 


" a"-/?” ' 

and determine the limit of w„ when n ^ oo. 

Discuss the case a = /^ > 0. 

15. If Xj, Xg are positive and x„+i = i(a?„ + x„_i), then the sequences 
Xi, Xj, Xg, ... and Xg, x^, Xg, ... are one a decrea'^ing and the other an in- 
creasing sequence, and they have the common limit J(Xi + 2X|). 

16. If lim = Z, then 


lim 


+ ^2 "i~ ■ • • “i“ 


= 1. 


[Let 5 , = Z + 1^. Then we have to prove that + Z, -f . . . + Zn)/^ tends to 
zero if Z„ does so. 

W© divide the numbers Z^, Zg, ...» Z„ into two sets Zj, Zg, ..., Z, and 
^f>+i» •••» I^®re we suppose that p is a function of n which tends 
to cx> as n -► 00 , but more elowly than n, so that p -> oo and pfn -> 0: e.g. we 
might BuppoB© p to be the integral part of <sjn. 
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Let S be any positive number. However small S may be, we can choose 
fio so that ^fi are all numerically less than ^(5 when n^riQ, 

BO 

I (^+1 + <»+> + • ■ • + <n)/n I < iS{n-p)ln < JiJ. 

But, if ,4 is the greatest of the moduli of all the numbers fj, . . . , we have 
I (^1 + + . . . + t^)ln I <pAln, 

and this also will be less than when n^riQ, if tIq is large enough, since 
p/n 0 as n -► 00 . Thus 

I (^1 + + . . - + ^„)/n 1 ^ I (^1 + ^, + . . . + tp)ln I + I {tp^i + 4- . . . + t>n)ln 1 < 6 

when n^rio; which proves the theorem. 

The reader, if he desires to become expert in dealing with questions 
about limits, should study the argument above with great care. It is very 
often necessary, in proving the limit of some given expression to be zero, 
to split it into two parts which have to be proved to have the limit zero in 
slightly different ways. When this is the case the proof is never very easy. 

The point of the proof is this: we have to prove that (q + + . . . + 

is small when n is large, the t’s being small when their suffixes are large. 
We split up the terms in the brackets into two groups. The terms in the 
first group are not all small, but their number is small compared with n. 
The number in the second group is not small compared with n, but the 
terms are all small and their number at any rate less than n, so that their 
sum is small compared with n. Hence each of the parts into which 
(^1 + ^2 4- . . . + t„)ln has been divided is small when n is large.] 

17. If 0(n)-^(n-l)-^Zasn ->► 00 , then <p(n) jn 1. 

[If (pin) = «! + + . . . + then <p{n) — (p{n — 1 ) = and the theorem 

reduces to that proved in the preceding example.] 

18. If 8n = i{l — ( — 1)”}, so that is equal to 1 or 0 according as n is 
odd or even, then + Sj 4- . . . + fl„)/n J as n -► oo. 

[This example proves that the converse of Ex, 16 is not true: for 8„ 
oscillates as n -> oo.] 

19. If c„, 8„ denote the sums of the first n terms of the series 

J + cos 0 + cos 2^ + . . . , sin 0 -h sin 2^ + . . . , 
and 6 is not a multiple of 27r, then 

lim (Cj + c, + . . . 4- c„)/n = 0, lim (^i + 4- . . . + fi„)/n = J cot ^d. 

20. A sequence is defined in terms of a sequence by the relations 

Vo = yn = ^n- CCXn-l (^ > 0), 
where | a | < 1. Express in terms of the sequence i/„, and show that, if 
j/. -►/, then x, "►//(! — a). (Math. Trip. 1932) 
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21. Draw a graph of the function y defined by the equation 

sin inx + 


y = hm 

^ T-an i 1 

n— ► 00 ^ T A 


{Math, Trip, 1901) 


22. The function 


y = lim 


n-^oo 1 +nsin®77a; 

is equal to 0 except when x is an integer, and then equal to 1. The function 

\lr{x) + n(l>{x) TTx 

y = hm 

l + nsin^TT-a: 

is equal to (j){x) unless x is an integer, and then equal to ^{x)^ 

23. Show that the graph of the function 

x^<l){x)-\-x~''\jf(x) 
y = hm 

'7*^* -I- ‘T' — n 
n—^co I 


is composed of parts of the graphs of <p{x) and r/r{x), together with (as a 
rule) two isolated points. Isy delincd when {a)x = I, {b) x = — I, {c) x == 01 


24. Prove that the function y which is equal to 0 when x is rational, 
and to 1 when x is irrational, may bo represented in the form 


whore 


y = lim sgn {sin® (?n ! nx)}, 

m-^oo 

2 

sgnx= lim - arc tan (nx), 

n— 00 ^ 


£13 in Ex. XXXI. 14. [If x is rational then sin® (m ! tix), and therefore 
8gn{8in®(m!7rx)), is equal to zero from a certain value of m onwards: if 
X is irrational then sin® {m I nx) is always positive, and so sgn (sin* {m 1 tix)} 
is always equal to 1 .] 

Prove that y may also be represented in the form 
1— lim [ lim (cos (m ! TTx)}®”]. 

m— ►OO 71— ►00 


25. Sum the series 


1 


V __ 


1 


[Since 


r(r+l) I r(r 1 ) . . . (i’ + A:) 


y{ 

we have 


___ = 1 f ' 1 I 

1) ... ( 1 ^+ A;) A: U'(J^+ 1) ... (I'H- A:- 1) {v ^ ^) {v -[-2) . . . {v -\-h)) * 


1 


_l/_. 


+ A:il.2...ifc (n+l)( 
^ ^ _ 1_ 
1 1) ... (>' + i) k(k\) 


_i I 

n + 2) ... (n-\-k)) 


.] 


and so 
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26. If I z I < I a |, then 
L 


L L f z \ 

= ( IH 

z — cL a \ a J 

L L / a a* \ 

and if I z I > I a I, then = -1 + - + — + ...). 

z-azV z J 


27. Expansion of (^z4- B)/(a2* + 2624-c) In powers of z. Let a, p 
be the roots of az* + 262 4- c = 0, so that az® + 262 + c = a(z — a) (z — /?). We 
shall suppose that Bfa,b,c are all real, and a and P unequal. It is then 
easy to verify that 

Az-{-B __ 1 /Aql-\-B AP-\-B\ 

02*4-262 + 0 a(ct — P)\ z — ol 2 — A / 

There are two cases, according as 6* > ac or 6* < ac. 

(1) If 6* > oc then the roots a, p are real and distinct. If [ 2 | is less than 

either | a | or | y? | , we can expand 1 /(z — a) and 1 /(z — P) in ascending powers 
of 2 (Ex. 26). If I 2 I is greater than either | a | or | |, we must expand in 

descending powers of z; while if 1 z 1 lies between | a | and [ P | one fraction 
must be expanded in ascending and one in descending powers of z. The 
readier should write down the actual results. K | z | is equal to | a | or | ;? | 
then no such expansion is possible. 

(2) If 6* <ac then the roots axe conjugate complex numbers (Ch. Ill, 
§43), and we can write 

a = p0i&<{>t p = p0is( — <l>)t 

where p* = ap = cja, p cos 0 = + p) — — hja^ so that cos ^ = — ^(b^lac), 

sin (/> = -^{1 — (b^jac)}. 

If I z I < p then each fraction may be expanded in ascending powers 
of z. The coefficient of 2" will be found to bo 


Ap sin n(f> + B sin {(n + 1)0} 
ap^'^^ sin 0 

If I z I > p we obtain a similar expansion in descending powers, wliile if 
I 2 I = p no such expansion is possible. 

28. Show that if [ z | < 1 then 

l + 22 + 3z* + ... + (n+ l)z" + ... = 1/(1 -2)*. 

1 — z" nz" 

[The sum to n terms is — . J 

(I-2)* 1— z 


29. Expand L/(z — a)* in powers of z, ascending or descending ewjcording 
as lz|<|al or lzl>|a|. 

30. Show that if 6* = ck; and | az | < | 6 | then 

az» + 26z + o 0 ’ 
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where = " *{(n+ l)aB — n6^}; and find the corresponding 

expansion, in descending powers of 2, which holds when | oz | > | 6 | . 


31. If a/(a + 6z + cz*) = 1 +PiZ+PjZ^+ then 




a + C2 

a — cz a* — {b^ — 2ac) 2 -f ' 

(Math. Trip. 1900) 


32. If sin 2”^7r -v I when n 00, then Z = 0 and is a rational number 
whose denominator is a power of 2. 

[Plainly 2"l9 = p„ + c + 1;„, 

whore is an integer, c a constant, and 0; and hence 

Pn+i-2;?„-c + 97„^i-2?7„ = 0. 

Since p„+i — 2j9„ is an integer, this is only possible if (i) c = 0, so that 
I = 0 and (ii) Pn+\ = and 7}^^^ = 2rjn from a certain value of n on, say 
forn>n„. But then 0 

when oo; and this is only possible if 17 = 0, so that 2^o(9 = 

It is instructive to consider sma^^Tr, where a is integral and greater 
than 2. It is then possible that Z 4= 0; thus sin -► 1 when 6 = J.] 


33. If P(n) is a polynomial in n, with integral coefficients and of 
degree m, and sin {P(n.) On) -► 0, then 0 is rational. 

[It is best to prove more*, viz. that if 

P(n)d - A;„ + a„ + e„ (1), 

where is an integer, a„ has one or other of any finite system of values, 
and e„ -> 0, then d is rational. 

In the first place, if we replace n by n + 1 in (1), subtract, and observe 
(i) that P(n+1) — P(n) is a polynomial of degree m— 1 and (ii) that 
— a„ has only a finite number of possible values, we obtain an in- 
duction from m — 1 to m. The problem is thus reduced to the case m = 1, 
P(n) = An-\- B. In this case (1) gives 

Ad = — /C„) + (®n+l ~ ®n) (^n + 1 ^n)‘ 

This is only possible if — e„ = 0 for n > Wq; and then 

+ (^ “" ^o) 

where is an integer, for n^riQ. Since a„ has only a finite number of 
values, l^-\-nAd has only a finite number of values, and therefore 0 is 
rational.] 


• Tbifl argument is due to Mr Ingham. 
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VARIABLE. CONTINUOUS AND DIS- 
CONTINUOUS FUNCTIONS 

90. Limits as x tends to oo. We shall now return to 
functions of a continuous real variable. We shah confine our- 
selves entirely to one-valued functions*, and we shall denote such 
a function by ^(x). We suppose x to assume successively all 
values corresponding to points on our fundamental straight line 
Ay starting from some definite point on the fine and progressing 
always to the right. In these circumstances we say that x tends 
to infinity y or to oo, and write x->oo. The only difference between 
the ‘tending of ?i to oo’ discussed in the last chapter, and this 
‘tending of a; to oo ’, is that x assumes all values as it tends to oo, 
i.e. that the point P which corresponds to x coincides in turn with 
every point of A to the right of its initial position, whereas n 
tended to oo by a series of jumps. We can express this distinction 
by saying that x tends continuously to oo. 

As we explained at the beginning of the last chapter, there is 
a very close correspondence between functions of x and functions 
of n. Every function of n may be regarded as a selection from the 
values of a function of x. In the last chapter we discussed the 
pecuharities which may characterise the behaviour of a function 
(f){n) as n tends to oo. Now we are concerned with the same 
problem for a function <p{x}; and the definitions and theorems to 
which we are led are practically repetitions of those of the last 
chapter. Thus corresponding to Def. I of § 58 we have: 

Definition 1. The function (f){x) is said to tend to the limit I as 
X tends to oo if , when any ^positive number Sy however small y is 

* Thus \/x stands in this chapter for the one- rained function + y'x and not (as 
in § 26) for the two-valued function whose values are -^-y/x and -y/x. 
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assigned, a number Xq{ 6} can be chosen such that, for all values of x 
equal to or greater than x^fS), f>{x) differs from I by less than S, i.e. if 


When this is the case we may write 
lim <^{x) = 

X— ►OO 

or, when there is no risk of ambiguity, simply lim^(x) = I, or 
(f){x)^L Similarly we have: 


Definition 2. The function (f>{x) is said to tend to oo with x if, 
when any number A, however large, is assigned, we can choose a 
number Xq{A ) such that <})[x)> A 
when X ^ Xq[A). 

We then write ^(x)-^oo. 

Similarly we define — oo*. Finally we have: 


Definition 3. If the conditions of neither of the two preceding 
definitions are satisfied, then (/){x) is said to oscillate as x tends to oo. 
If I (l>{x) I is less than some constant K when x>xfi{, then <p{x) is 
said to oscillate finitely, and otherwise infinitely. 

The reader will remember that in the last chapter we con- 
sidered very carefully various less formal ways of expressing the 
facts represented by the formulae (f>{n)^l, ^(n)->co. Similar 
modes of expression may of course be used in the present case. 
Thus we may say that (f>{x) is small or nearly equal to I or large 
when X is large, using the words ‘small’, ‘nearly’, ‘largo’ in a 
sense similar to that in which they were used in Gh. IV. 

Examples XXXIV. 1. Consider the beliaviour of tlie following 
functions as x -► oo: l/x, 1 + (l/x), [x], x — [xj, M — Ml- 

The first four functions correspond exactly to functions of n fully 
discussed in Ch. IV. The graphs of the last throe wore constructed in 

* We shall sometimes find it convenient to write + CO, x-t^ + to, <^{x) 
instead of oo, a; oo, (p{x) — ► qo. 

t In the corresponding definition of § 62, we postulated that for aU 

values of n, and not merely when n ^ n^. But then the two hypotheses would have 
been equivalent; for if | (p{n) ] when n ^ Uq, then j ^{n) 1 ^ A for all values of n, 
where K' is the greatest of | ^^(l) 1, | ^(2) |, | ~ 1) I the matter 

is not quite so simple, sinoe there ore infinitely many values of x less than x^. 
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Ch. II (Exs. XVI. 1, 2, 4), and the reader wiU see at once that [a;] -> 00 , 
X — [x] oscillates finitely, and [x] -f — [x]} 00 . 

One simple remark may be inserted here. The function (fi(x) = x — \x] 
oscillates between 0 and 1, eis is obvious from the form of its graph. It is 
equal to zero whenever x is an integer, so that the function (p(n) derived 
from it is always zero and so tends to the limit zero. The same is true if 
<p(x) = sinxTT, (f>(n) = sinnTr = 0. 

It is evident that ^{x) or ^(x) -► 00 or (j>(x) -> — 00 involves the corre- 
sponding property for ^(n), but that the converse is often untrue. 

2. Consider in the same way the functions: 

sin XTT , tan xtt , ... 

, xsmxTT, (xsinxTT)*, tan XTT, , a cos' xn + 0 Bin^ xn , 

X x 

illustrating your remarks by means of the graphs of the functions. 

3. Give a geometrical explanation of Def. 1, analogous to the goo^ 
metrical explanation of Ch. IV, § 69. 

4. If yi(x) -► It and I is not zero, then <f>(x) cos xtt and 0(x) sin xtt oscillate 

finitely. If 0(x)-^ao or <p(x) — oo, then they oscillate infinitely. The 

graph of either function is a wavy curve oscillating between the curves 
y = <p(x) and y = -0(x). 

6. Discuss the behaviour, as x -► 00 , of the function 
y =f{x) cos* XTT + i^(x) sin* XTT, 

where/(x) and F{x) are some pair of simple functions (e.g. x and x*). [The 
graph of 2 / is a curve oscillating between the curves y = f{x), y = i^(x).] 

91 . Limits as x tends to —00. The reader wiU have no 
difficulty in framing for himself definitions of the meaning of the 
assertions ‘x tends to — 00', or ‘ a; -> — 00’ and 

lim (p{x) = I, <p(x)-^oOj — 00. 

00 

In fact, if X = —y and (f){x) = ^( — y) = ^(y), then y tends to 00 
as X tends to —00, and the question of the behaviour of (}){x) as 
x tends to —00 is the same as that of the behaviour of ^{y) as y 
tends to 00. 

92. Theorems corresponding to those of Ch. IV, §§63-69. 

The theorems concerning the sums, products, and quotients of functions 
proved in Ch. IV are all true (with obvious verbal alterations which the 
reader will have no difficulty in supplying) for functions of the continuous 
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variable x. Not only the enunciations but the proofs remain substantially 
the same. 

The definition which corresponds to that of § 69 is as follows: the function 
(j)(x) mill he said to increase steadily with x if ^ (i>[x^) whenever x, >a?i. 
In many coses, of course, this condition is only satisfied from a definite 
value of X onwards, i.e. when X 2 > x^'^Xq. The theorem which follows in 
that section requires no alteration but that of n into x: and the proof is 
the same, except for obvious verbal changes. 

If (p(x 2 )>(f>{xi), the possibility of equality being excluded, whenever 
Xj > then (f>(x) will be said to be steadily and strictly increasing ^ or simply 
strictly increasing. We shall find that the distinction is often important 
(cf. §§109, 110). 

The reader should consider whether or no the following functions 
increase steadily with rt (or at any rate increase steadily from a certain 
value of X onwards) : — a:, x + sin x, x -f 2 sin x, x* + 2 sin x, [x], [x] + sin x, 

[x] + yl{x — [x]}. All these functions tend to oo when x -► oo. 

93. Limits as x tends to 0. Let <jj{x) be a function of x 
such that hm <}){x) = ly and let y = Ijx. Then 

<f>(x) = 4>{\ly) = ^{y), 

say. When x tends to oo, y tends to the limit 0, and xjfiy) tends to 
the hmit 1. 

Let us now dismiss x and consider ^{y) simply as a function 
of y. We are for the moment concerned only with those values 
of y which correspond to large positive values of x, that is to say 
with small positive values of y. And ^(y) has the property that 
by making y sufiSciently small we can make ^(?/) differ by as 
little as we please from 1. To put the matter more precisely, the 
statement expressed by hm0(x) = I means that, when any 
positive number 8y however small, is assigned, we can choose Xq 
so that \(p(x) — l\<S for all values of x greater than or equal 
to Xq. But this is the same thing as saying that we can choose 
2/0=1 /xq so that I }/r{y) - Z | < ^ for all positive values of y less than 
or equal to yQ. 

We are thus led to the following definitions: 

A. //, when any positive number 8y however small, is assigned, 
we can choose yQ{S) so that | i | < (^ 
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when 0 < y ^ 2/o(^)» ^iv) ^ lasy tends 

toOby positive values, and we write 

lim (f>{y) = 1. 

I/-> + 0 

B. If, when any number A, however large, is assigned, we can 
choose y^iA ) so that ^ ^ 

when 0<y^ 2/o(^)> ^iy) to co as y tends to 0 

by positive values, and we write 

<l){y) ^co. 

We define in a similar way the meaning of *(j){tj) tends to the 
limit I as y tends to 0 by negative values’, or 'hm^(y) = I when 
y-^ — 0\ We have in fact only to alter 0<yS ^o(^) “ ^o(^) = ^ 
in definition A. There is of course a coiTesj)onding analogue of 
definition B, and similar definitions in which 

as ^->^ + 0 or ?/-> — 0. 

If lim (p{y) = I and lira <p{y) = I, we write simply 

V -> + 0 I /->~0 

lim (p{y) = 1. 

y-^ 0 

This case is so important that it is worth while to give a formal 
definition. 


If, when any positive number S, however small, is assigned, we 
can choose yo(^) that, for all values of y different from zero but 
numerically less than or equal to yQ(S), (p{y) differs from I by less 
than S, then we say that (f>{y) tends to the limit I as y tends to 0, and 


write 


lim <}>{y) = 1. 

y -^0 


So also, if ^ 00 as y -> + 0 and also as y 0, we say that 

0(y)->oo as y->0. We define similarly the statement that 


Finally, if (j){y) does not tend to a limit, or to oo, or to —co, as 
y-^4-0, we say that ^(y) oscillates as y-> + 0, finitely or in- 
finitely as the case may be; and we define oscillation as y-> — 0 
similarly. 
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The preceding definitions have been stated in terms of a 
variable denoted by y\ what letter is used is of course immaterial, 
and we may suppose x written instead of y throughout them. 


94. Limits as x tends to a. Suppose next that as 

y 0, and write 

y = a, (j){y) = (j){x-a) = \lr{x). 

If y -> 0 then x-^a and tlr{x) -> Z, and we are naturally led to write 

lim \lf{x) — Z, 


or simply lim '(Jf{x) = Z or and to say that i/x{x) tends to 

the limit I as x tends to a. The meaning of tl)iB equation may be 
formally and directly defined as follows: if, given S, we can always 
determine e(^) so that | ^ | ^ ^ 

when 0 < I X — a I ^ €{S), then 

lim </){x) = 1. 

x-*-a 

By restricting ourselves to values of x greater than a, i.e. by 
replacing 0 < | | ge(^) by a<x^a + e{d), we define '(j>[x) 

tends to I when x approaches a from the right’, which we may 

Urn ^{x) = l. 

x->a+0 


In the same way we can define the meaning of 

Lim (l){x) = Z. 

x-^o— 0 


Thus lim <{){x) = Z is equivalent to the two assertions 

X— >-a 

lim 0(a;) = Z, lim (j){x) = Z. 

x-^a+O x-^o-0 

We can give similar definitions referring to the cases in which 
<j)[x)->co or 0(x)-> — 00 as a;->a through values greater or less 
than a; but it is probably unnecessary to dwell further on these 
definitions, since they are quite similar to those stated above in 
the special case when a = 0, and we can always discuss the 
behaviour of ({>{x) as x->a by putting x-a == y and supposing 
that y 0. 


H P li 


12 
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95. Steadily Increasing or decreasing functions. If there ia a 
number e such that <p(x') ^ (^(x^) whenever a — e < x' < < a + e, then (ff{x) 

will be said to increase steadily in the neighbourhood of x = a. 

Suppose first that x<a, and put t/ = l/(a — a:). Then y-^ooEiax-^a — 0, 
eind <p{x) = ^(y) is a steadily increasing function of y, never greater than 
<p{a). It follows from § 92 that <p(x) tends to a limit not greater than <p(a). 
We ahaU write ^ 54(a + 0)*. 

*-► 0+0 

We can define (j>(a — 0) in a similar manner; and it is clear that 
<f)(a~0) ^ <f)(a) ^ <f){a + 0). 


It is obvious that similar considerations may be applied to decreasing 
functions. 


If (f>{x') <<p(x''), the possibility of equality being excluded, whenever 
a — € < x' < x" < a then ^(x) will be said to be steadily increasing in the 
stricter sense. 


96. Limits of indetermination and the principle of convergence. 

All of the argument of §§ 80-84 may be applied to functions of a con- 
tinuous variable x which tends to a limit o. In particular, if (j>(x) is 
bounded in an interval including a (i.e. if we can find e, iiZ, and K so that 
H < ^(x) <iiL when a — + then we can define A and A, the lower 

and upper limits of indetermination of ^^(x) os x -► a, and prove that 
A = d. = Z is a necessary and sufficient condition for ^(x) to tend to 1. 
We can also establish the analogue of the principle of convergence, i.e. 
prove that a necessary and sufficient condition that (f(x) should tend to a 
limit is that, when S is given, we can choose €(d) so that | (fixfj — (j>{xf) | <d 
if 0< I Xj — a I < I Xj — a I ^e(5). Similarly, a necessary and sufficient con- 
dition that (j}{x) should tend to a limit when x^oo is that | (fixf) — (l>{xf) | < 8 

i/X|>Xi^X((^). 

Examples XXXV. 1. If 0(x) -^l, ^(x) -^V, as x^a, then 
^(x) + rlr(x) -> Z -f Z', ^(x) \lr(x) IV, (p(x)l\lr{x) Z/Z', 
unless in the last case V = 0. 

[We saw in § 92 that the theorems of Ch. IV, §§ 63 et seq. hold also for 
functions of x when x -> oo or x ^ — oo. By putting x = 1/y we may extend 
them to functions of y, when y ->• 0, and by putting y = z — o to functions 
of 2 , when z-ra. 

• It will of course be understood that <f>{a + 0) has no meaning other than that of 
a conventional abbreviation for the limit on the left-hand aide. 

We can use the symbols ^(a + 0) and <p{a -0) whenever the limits by which they 
are defined exist; but they will not usually satisfy inequalities like those in the text. 

t See $ 103. 
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The reader should also prove them directly from the formal definition 
given above. Thus, in order to obtain a direct proof of the first result he 
need only take the proof of Theorem I of § 63 and write throughout x for n, 
a for 00 and 0<|x-a|<e for n^no.] 

2. If m is a positive integor» then as 

3. If 771 is a negative integer, then a;”*->‘ + ooasr->- + 0, while r”* — oo or 

+ 03 x^ — 0, according os rn is odd or even. If m = 0, then a:"*®! 

and 

4. Urn {a bx cx^ + kx^) = a. 

x-i-0 

a + 6r -f . . , -f kx^ a 

5. hm . — = , 

pX-\- KX/^ CL 

unless a = 0. If a = 0 and then the function tends to + oo or 

— 00 , as a: --> + 0, according as a and fi liavo like or unlike signs; the case is 
reversed if a: — 0. The case in which both a and a vanish is considered 
in Ex. xxxvr. 6. Discuss the coses which arise when a 4= 0 and more than 
one of the first coefficients in the denominator vanish. 

6. lim = a”*, if m is any positive or negative integer, except when 

X— ►tl 

a = 0 and m is negative [If m>0, put x = y-\- a and apply Ex. 4. When 
m< 0, the result follows from Ex. 1 above. It follows at once that 
limP(x) = P{a), if P{x) is any polynomial.] 

7. lim B{x) = R{a), if R denotes any rational function and a is not one 
x-*-a 

of the roots of its denominator. 

8. Show that lim r"* = a”* for all rational values of tti, except when 

x-ya 

a = 0 and m is negative. [This follows at once, when a is positive, from tlio 
inequalities (9) or (10) of § 74. For \x'^ — a^\<H\x — a\ j where H is the 
greater of the absolute values of mx^'^ and 7na^~^ (cf. Ex. xxviii. 4), If a 
is negative we write x = —y and a = ~b. Then 

limx"* = lim ( — l)^y^ = ( — 1)^ = a"’.] 

97. The reader will probably fail to see at first that any proof 
of such results as those of Exs. 4, 5, 6, 7, 8 above is necessary. He 
may ask ‘why not sunply put a: = 0, or x = a? Of course we then 
get a, aja, P(a), E{a}\ It is very important that he should 
see exactly where he is wrong. We shall therefore consider this 
point carefully before passing on to any further examples. 

The statement lim <p(x) = I 

x-^O 

is a statement about the values of (p(x) when x has any value 
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distinct from but differing by little from zero^. It is Tvoi a statement 
about the value of (/){x) when x = 0. When we make the statement 
we assert that, when x is nearly equal to zero, is nearly equal 
to 1. We assert nothing whatever about what happens when x is 
actually equal to 0. So far as we know, (j){x) may not be defined at 
all for X = 0 ; or it may have some value other than 1. For example, 
consider the function defined for all values of x by the equation 
^(x) = 0. It is obvious that 

]im(l)(x) = 0 ( 1 ). 

Now consider the function x}f{x) which differs from only in 
that = 1 when a: = 0. Then 

hm^(a:) = 0 (2), 

for, when x is nearly equal to zero, \j/'{x) is not only nearly but 
exactly equal to zero. But ^(0) = 1. The graph of this function 
consists of the axis of x, with the point x = 0 left out, and one 
isolated point, viz. the point (0,1). The equation (2) expresses 
the fact that if we move along the graph towards the axis of y, 
from either side, then the ordinate of the curve, being always equal 
to zero, tends to the hmit zero. This fact is in no way affected by 
the position of the isolated point (0, 1). 

The reader may object to this example on the score of arti- 
ficiahty : but it is easy to write down simple formulae representing 
functions which behave precisely like this near a; = 0. One is 

i/r{x) = [l-x2], 

where [1 — denotes as usual the greatest integer not greater 
than 1—x^. For if a; = 0 then \Jr(x) = [1] = 1; wliile if 0<x< 1, 
or — 1 < a: < 0, then 0 < 1 - a:^ < 1 and so }/r{x) = [1 — a;^] = 0. 

Or again, let us consider the function 

y = 

already discussed in Ch. II, §24, (2). This function is equal to 1 
for aU values of x save a: = 0. It is not equal to 1 when x = 0: it is 

* Thus in Def. A of § 93 we make a statement about values of y such that 
0 <y ^ ^ 0 , the first of these inequalities being inserted expressly in order to exclude 
the value y = 0. 
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in fact not defined at all for x = 0. For when we say that 0(a:) is 
defined for x = 0 we mean (as we explained in Ch. II, l.c.) that 
we can calculate its value for a: = 0 by putting a; = 0 in the 
formula which defines In this case we cannot. When we put 
X = 0 in 0 (a:) we obtain 0/0, which is meaningless. The reader may 
object ‘divide numerator and denominator by x\ but this is 
impossible when x = 0. Thus y = xjx is a function which differs 
from y = \ solely in that it is not defined for x = 0. None the less 

lim [xjx) — 1, 

for xjx is equal to 1 so long as x differs from zero, however small 
the difference may be. 

Similarly 0(x) = {(x+ 1)^— l}/x = x + 2 so long as xis not equal 
to zero, but is undefined when x = 0. None the less lim(;5(x) = 2. 

On the other hand there is of course nothing to prevent the 
limit of as x tends to zero from being equal to ^(0), the value 
of ^(x) for X = 0. Thus if (p{x) = x, then ^(0) = 0 and lim (j)[x) = 0. 


Examples XXXVI. 1. lim ^ — — = 2a. 

x-a 

2. lim = if m is afiy integer (zero included). 


x-^a x — a 

3. Show that the result of Ex. 2 remains true for all rational values of 
m, provided a is positive. [This follows at once from the inequalities (9) 
and (10) of § 74.] 


4. 


3^7 2x® -p 1 

lim ^ = 1 . [Observe that a; — 1 is a factor of both nurner- 


.lx»-3x2 + 2 
ator and denominator.] 


5. Discuss the behaviour of 

6qX” T 4" • • ■ * 

where a^ 4= 0, &o + 9, as a; tends to 0 by positive or negative values. 

[If m>n, lim0(x) = 0. If m = n, lim^(x) = ajb^. If m < n and n - m is 
even, 0(x) + cx) or 0(x) - oo according as > 0 or ajb^ <0. If m < n 

and n — m is odd, then (}>{x) -^4-coasa5->-f-0 and 0(x) — oo as a; — 0, or 

as x-^ + O and 0(x)-> + c3O as x-^-O, according as aJbo>0 
or ajb^ < 0.] 
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6. If a and b are positive, then 


xFb 

n b 

brxi 

lim- - 

= -• 

lim - - 


U a 

a:-. + 0=J^LoJ 


How do the functions behave when a; 0 through negative values? 

7*. lim-y/(l +3;) = lim^(l — x) = 1. [Put l+a; = y or 1— a; = i/, and 
use Ex. XXXV. 8.] 

8. 4-3;) — 7(1 — a;)}/a: = 1. [Multiply numerator and denomin- 
ator by 7( 1 + 4- V( 1 - ^)-] 

9. Consider the behaviour of (7(1 4-3;"*) — 7(1 Qs a;->0, m and 

n being positive integers. 

10. Uml{V(l + a: + x*)-l} = J. 

X 

11. 

12. Draw a graph of the function 

r 1 1 1 1 Wf 1 1 I I 1 

^ ~ x-i'^ x-iJ / 

Has it a limit as .r ->► 0 ? [Here t/ = 1 except for x = 1» i» i» when y is 
not defined, and y 1 as a; -► 0.] 

sinx 

13. lim = 1. 

X 

[It may be deduced from the definitions of the trigonometrical ratiosf 
that if X is positive and less than then 

sin X < X < tan x 
sinx 

or cos X < < 1 

X 

sinx 

or 0 < 1 < 1 — cos X = 2 sin^ Jx. 

X 

But 2sin* Jx < 2(ix)* < ix*. Hence 

/ sinx\ sinx 

hm ( 1 ) = 0, hm = 1. 

\ 3 ; / a; 

Since is an even function, the result follows.] 

X 


* In the examples which follow it is to be assumed that limits ai are 

required, unless (as in Eis. 19, 22) the contrary is explicitly stated. 

t The proofs of the inequalities which are used here depend on certain properties 
of the ‘area’ of a sector of a circle which are usually taken as geometrically intuitive; 
for example, that the area of the sector is greater than that of the triangle inscribed 
in the sector. The justification of these assumptions must bo postponed to Ch. VII. 
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l-cosa: 

14. lim = J. 


sin ouc 

16. lim = a. Is this true if a = OT 


^ arc sin X 
16. lim = 1. 


tan OLx 

17. lim = a, 


, . arc tan ax 
um = a. 


18. 


lim 


coseo X — cot X 

X 


= i. 


19. 


l-fCOSTTX 

Jim — — 

1 tan* TTx 


= i- 


20. How do the functions 3in(l/x), (l/x)sin (1/x), xsin(l/x) behave m 
x-^OT [The first oscillates finitely, the second infinitely, the third tends 
to tho limit 0. None is defined when x = 0. See Exs. xv. 0, 1, 8.] 


21 . 


Does the function 



tend to a limit as x tends to 0 ? [No. The function is equal to 1 except when 

Bin(l/x) = 0; i.e. when x = I/tt, 1/277, ..., — I/ 77 , - 1/277 For these 

values the formula for y eissiiraos the meaningless form 0/0, and y is 
therefore not defined for an infinity of values of x near x = 0.] 

22. Prove that if in is any integer then [x]-^m euid x — [x]-+«0 as 
X -► m + 0, and [x] -► m — 1, x — [x] 1 as x -► 7?» — 0. 


98. The symbols 0, o, : orders of smallness and 
greatness. The definitions of § 89 may be extended, with 
obvious changes, to functions of a continuous variable which 
tends to infinity or to a limit. Thus / = when x->oo, means 

that I / I <K(}> for = o(^) means that //0->O; and 

where Z=#0, means that Similarly / = when x->a, 

means that \f\<K^ for all x differing from but sufficiently 
near to a. 

Thus 

x-f-ar^ = 0(x2), X = o(x2), x + x^-x^, sinx = 0(1), x-^=o(l) 
when x->oo, and 

x-hx^ = 0(x), x2 = o(x), x + x^-x, sin(l/x) = 0(1), x^ = o(l) 
when X ^ Q. 

Suppose, to fijc our ideas, that x->0. The functions 

X, x^ x^ ... 
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form a scale each member of which tends to zero more rapidly 
than the preceding member, since 

— o{x'^~^)y 2:^+1 = o{x^) 

for every positive integer m; and it is natural to use them to 
measure the ‘order of smallness' of any function which tends to 
zero with x. If <p(x)~lx”'. 

where Z#=0, when x-^Oy we say that (f)(x) is of the mth order of 
smallness when x is small 

This scale is of course in no way complete. Thus (f){x) = xl 
tends to zero more rapidly than x but more slowly than x"^. We 
might attempt to make it more complete by including fractional 
orders of smallness; we might say, for example, that xl is of the 
^th order. We shall however see in Ch. IX that even then our 
scale would be quite incomplete. 

We define orders of greatness similarly. Thus ^{x) is of the mth 
order of greatness if <f>{x)lx~'^ = x^(f>{x) tends to a hmit Z, not 
zero, when x-^0. 

These definitions refer to the case in which x-^0. There are 
naturally corresponding definitions when x->co or x->a. Thus, 
if x^(f){x) tends to a limit, not 0, when x^oo, we say that (p(x) 
is of the mth order of smallness for large x\ and if {x — a)^(^{x) 
tends to a hmit, not 0, when we say that (^{x) is of the mth 

order of greatness for x near a. 

Many of the results of the last set of examples may be restated 
in the language of this section. Thus 

sino^c — exa:, 1 — cos a; ~ coseca: — cotx — Jx; 

the second function is of the second order of smallness and the 
others of the first. 

* We might eay, more generally, that ^{x) is of the mth order of amallneas if 
there are positive constants A, B such that 

^ I a: I"* ^ I <f>{x) I 1 X 1*". 

The definition in the text is sufficiently general for our purpose. 
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99. Continuous functions of a real variable. The reader 

has no doubt some idea as to what is meant by a continuom 
curve. Thus he would call the curve C in Fig. 27 continuous, the 
curve C' generally continuous but discontinuous for x = ^' and 

a; = r. 

Either of these curves may be regarded as the graph of a 
function (^{x). It is natural to call a function continuous if its 
graph is a continuous curve, and otherwise discontinuous. Let us 
take this as a provisional definition and try to distinguish more 
precisely some of the properties which are involved in it. 



In the first place it is evident that the property of the function 
y = (^{x) of which C is the graph may be analysed into some 
property possessed by the curve at each of its points. To be able 
to define continuity for all values of x we must first define con- 
tinuity /or any particular value of x. Let us tlierefore fix on some 
particular value of x, say the value x = E, corresponding to the 
point P of the graph. What are the characteristic properties of 
(j>{x) associated with this value of a;? 

In the first place (}){x) is defined for x = ^. This is obviously 
essential. If were not defined there would be a point missing 
from the curve. 

Secondly <f){x) is defined for all values of x near a: = f ; i.e. we can 
find an interval, including x = ^ in its interior, for all points of 
which ^(x) is defined. 
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Thirdly if x approaches the value ^ from either aide, then (j>{x) 
approaches the limit (}>{i). 

The properties thus defined are far from exhausting those of 
the picture of a curve by the eye of common sense, a picture 
which is a generalisation from particular curves such as straight 
lines and circles. But they are the simplest and most fundamental 
properties: and the graph of any function which has these pro- 
perties would, so far as drawing it is practically possible, satisfy 
our geometrical feeling of what a continuous curve should be. We 
therefore select them as embodying the mathematical notion of 
continuity. We are thus led to the following 

Definition. The function (f)(x) is said to be continuous for 
X ^ ^ if it tends to a limit as x tends to ^ from either side, and each 
of these limits is equal to ^(^). 

Thus <p{x) is continuous for x = ^ if (^{^), (p{^ — 0), and 0(5 + 0) 
exist and are equal. 

We can now define continuity throughout an interval. The 
function ((){x) is said to be continuous throughout a certain 
interval of values of a: if it is continuous for all values of a; in that 
interval. It is said to be continuous everywhere if it is continuous 
for every value of x. Thus [a:] is continuous in the interval (e, 1 — e), 
where e is any positive number less than but is not continuous 
for a; = 0 or a: = 1, or in any interval including either of these 
points; and 1 and x are continuous everywhere. 

If we recur to the definitions of a limit we see that our definition 
is equivalent to ‘0(a:) is continuous for x = ^ if , given S, we can 
choose e{d) so that \ <f>{x) — 0(5) | < ^ ^/ 0 ^ | a; — 5 | ^ e((^) \ 

We have often to consider functions defined only in an interval 
(a,b). In this case it is convenient to make a slight and natural 
change in our definition of continuity at the particular points a 
and b. We shall say that 0(a;) is continuous for a: = a if 0(a4-O) 
exists and is equal to 0(a), and for a; = 6 if 0(6 — 0) exists and is 
equal to 0(6). 
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1 00 . The definition of continuity given in the last section may 
be illustrated geometrically as follows. Draw the two horizontal 
fines y=‘(p{i) — S and y=*^(£) + <^. Then \ (j){z) — <}>{^) \ < 8 ex- 
presses the fact that the point on the curve corresponding to x lies 
between these two fines. Similarly \x — [\^e expresses the fact 
that X lies in the interval (^ — e, ^ -h e). Thus our definition asserts 

Y| I I 



a 

6 


0 


Fig. 28 


that if v e draw two such horizontal lines, no matter how close 
together, we can always cut off a vertical strip of the plane by 
two vertical fines in such a way that all that part of the curve 
which is contained in the strip lies between the two horizontal 
fines. This is evidently true of the curve C (Fig. 27), whatever 
value ^ may have. 

We shall now discuss the continuity of some special types of 
functions. Some of the results which follow were (as we pointed 
out at the time) taken for granted in Ch. II. 

Examples XXXVII. 1. The sum or product of two functions con- 
tinuous at a point is continuous at that point. The quotient is also 
continuous unless the denominator vanishes at the point. [This follows 
at once from Ex. xxxv. 1.] 

2. Any polynomial is continuous for all values of x. Any rational 
fraction is continuous except for values of x for which the denominator 
VEinishes. [This follows from Exs. XXKV. 6, 7.] 

3. .y/x is continuous for all positive values of x (Ex. xxxv. 8). It is not 
defined when x < 0, but is continuous for x = 0 in virtue of the remark 
made at the end of § 99. The same is true of x”^", where m and n ore any 
positive integers of which n is even. 

4 . The function x”*/" is continuous for all values of x if n is odd. 
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6, l/x is aot continuous for a; = 0. It has no value for x = 0, nor does it 
tend to a limit as a; 0. In fact 1/x -► + cx) or l/x — oo according as a; 0 
by positive or negative values. 

6. Discuss the continuity of where m and n are positive 

integers, for x = 0. 

7. The standard rational function E{x) = P{x)/Q{x) is discontinuous 
for X = a, where o is any root of Q{x) = 0. Thus + l)/(a;* — 3x + 2) is 
discontinuous for x = 1. It will bo noticed that in the case of rational 
functions a discontinuity is always associated with (o) a failure of the 
definition for a particular value of x and (b) a tending of the function to + oo 
or — 00 as X approaches this value from either side. Such a particular kind 
of point of discontinuity is usually described as an infinity of the function. 
An ‘infinity’ is the kind of discontinuity of most common occurrence in 
ordinary work. 

8. Discuss the continuity of 

V{(a;-a)(6-2)}, ^{(i-a) 

9. sinx and cosx are continuous for all values of x. 

[Thus sin (x + /i) — sin x = 2 sin \h cos (x d \h)y 

which is numerically loss than the numerical value of h.'] 

10. For what values of x are tanx, cotx, secx, and cosec x continuous 
or discontinuous? 

11. If/(2/) is continuous for y = '7, and <j!>(x) is a continuous function of 
X which is equal to 7j when x = £, then /{^(a:)} is continuous for x = f. 

12. If 0(x) is continuous for any particular value of x, then any poly- 
nomial in ^5(x), such as a{0(x)}"" + is also continuous. 

13. Discuss the continuity of 

(acos^xd 68in*x)~^, -y/(2dco8x), -^(Idsinx), (Idsinx)"^. 

1 4. sin ( 1 /x) , X sin ( 1 /x) , and x^ sin ( 1 jx) are continuous except for x = 0. 

16. The function which is equal to x sin (l/x) except when x = 0, and 
to zero when x = 0, is continuous for all values of x. 

16. [x] and x — [x] are discontinuous for all integral values of x. 

17. For what (if any) values of x are the following fimctions discon- 
tinuous: [x®], ^J(x — [x']), [x]dV(^“M)» [2x], [x]d[ — x]? 

18. Glassification of discontinuities. Some of the preceding 
examples suggest a classification of different types of discontinuity. 

(1) Suppose that 7^(x) tends to a limit when x-^a either by values less 
than or by values greater than a. Denote these limits, aa in § 96, by — 0) 
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and ^(a + O) respectively. Then, for continuity, it is necessary and 
sufficient that ^(x) should be defined for a; = a, and that 

(f){a-0) = (j>{a) = <j){a + 0). 

Discontinuity may arise in a variety of ways. 

(a) 9 ^(a — 0) may be equal to ^(a-f 0), but (j){a) may not bo defined, 
or may differ from ^(a — 0) and 0(a + O). Thus if ^(x) = xsin(l/x) and 
a = 0, ^(0 — 0) = ^(0 + 0) = 0, but (f>{x) is not defined for x = 0. Or if 
(P(x) = [l-x*] and a = 0. 0(0-0) = 0(0 -f-0) = 0, but 0(0) = 1. 

(^) 0(a — 0) and 0(a + O) may be unequal. In this case 0(a) may be 
equal to one or to neither, or be undefined. The first case is illustrated 
by 0(x) = [x], for which 0(0 — 0) = — 1, 0(0 -)-0) == 0(0) = 0; the second 
by 0(x) = [x] — [ — x], for which 0(0 — 0) = — 1 , 0(0 + 0) = 1, 0(0) = 0; and 
the third by 0(x) = [x] -f-^sin(l/x), for which 0(0 — 0) = — 1, 0(0 + 0) = 0, 
and 0(0) is undefined. 

In any of tlicse coses we say that 0(x) has a simple discmitinuity at 
X — a. And to those cases wo may add those in which 0(x) is defined only 
on one side of x = a, and 0(tt — 0) or 0(a + O), as the case may be, exists, 
but 0(x) is eitlier not defined when x = a or has a value different from 
0(a — 0) or 0(a + 0). 

It is plain from § 95 that a function which mcreases or decreases steadily 
in the neighbourhood of x = a can have at most a simple discontinuity for 
X = a. 

(2) It may happen that 0(x) tends to a limit, or to + co, or to — oo, when 
X tends to a from either side, and that it tends to + oo or to — co when 
X tends to a from one side at least. This is so, for example, if 0(x) is 1/x 
or 1/x^, or if it is 1/x for positive and zero for negative x. In such cases 
we say that x = a is on infinity of 0(x). We also include the cases in 
which 0(x) tends to + oo or — oo on one side of a and is not defined on the 
other. 

(3) Any point of discontininty which is not a point of simple discon- 
tinuity or an infinity is called a point of oscillatory discontinuity. 
Thus X = 0 is an oscillatory discontinuity of sin (1/x). 


19. What is the nature of the discontinuities at x = 0 of the functions 
W + [-x], cosocx, yg). yQ. 


1 sin (1/x) 

COSOC-, . ^ — ? 

X sin ( 1 /x) 


20. The function which is equal to 1 when x is rational and io 0 when 
X is irrational (Ch. II, Ex. xvi. 10) is discontinuous for all values of x. 
So too is any function which is defined only for rational or for irrational 
values of x. 



190 CONTINUOUS AND [V 

21. The function which is equal to x when x is irrational and to 
^{(1 + 73 *)/(l when a: is a rational fraction pjq (Ch. II, Ex. xvi. 11) 
is discontinuous for all negative and for positive rational values of x, but 
continuous for positive irrational values. 

22. For what points are the functions considered in Ch. IV, Exs. xxxi 

discontinuous, and what is the nature of their discontinuities? [Consider, 
e.g., the function 2 / = limx" (Ex. 6). Here i/ is defined only when — 1 1 : 

it is equal to 0 when — 1 < x < 1 and to 1 when x = 1. The points x = 1 and 
X = — 1 are points of simple discontinuity.] 

101. The fundamental property of a continuous func- 
tion. The ‘continuous curve’ pictured by common sense has 
another characteristic property. Let A and B be two points on 
the graph of ^{x) whose coordinates are x^, (P{Xq) and x^, (p(Xi)y 
and let A be a straight line passing between A and B. Then it would 
seem that, if the graph is continuous, it must cut A. 

It is clear that, if we consider this property as an intrinsic 
geometrical property of continuous curves, there is no real loss of 
generahty in supposing A to be parallel to the axis of x. In this 
case the ordinates of A and B cannot be equal: let us suppose, for 
definiteness, that <f){Xj) > (P{xq), And let A be the fine y = 7], where 
^(Xq) <rj< (}){x^). Then to say that the graph of ^{x) must cut A 
is the same thing as to say that there is a value of x between Xq 
and x^ for wliich = tj. 

We conclude then that a continuous function (})[x) should 
possess the following property : if 

= s/o. = 2/1. 

and yQ<y< 2 / 1 , then there is a value of x between x^ and x^for which 
(f{x) = rj. In other words, as x varies from Xq to x^, y must assume 
at least once every value between y^ and y^. 

We shall now prove that if ^(a;) is a continuous function of a; in 
the sense defined in § 99 then it does in fact possess this property. 
There is a certain range of values of x, to the right of Xq, for which 
<p{x)<rj. For (l>{xf)<7j, and so (}>{x) is certainly less than rj if 
(}>{x) — (p[xf) is numerically less than 7i — f>{xQ). But since (f){x) is 
continuous for x = Xg, this condition is certainly satisfied if x is 
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near enough to Xq. Similarly there is a certain range of veilues, to 
the left of for which (f){x) > tj. 

Let us divide the values of x between Xq and x^ into two classes 
L, R as foDows: 

(1) in the class L we put all values ^ of x such that (f>(x)<7i 
when X = ^ and for all values of x between Xq and 

(2) in the class R we put all the other values of x, i.e. all num- 
bers ^ such that either ot there is a value of x between 

Xq and ^ for which <f){x) ^ tj. 

Then it is evident that these two classes satisfy all the con- 
ditions imposed upon the classes L, of § 17, and so constitute 
a section of the real numbers. Let Jq be the number corresponding 
to the section. 

First suppose belongs to the upper class: 

and let <f>{^o) = rj + k, say. Then <}){^') < rj, and so 

for all values of less than ^q, which contradicts the condition 
of continuity for x = £q. 

Next suppose 4>{[o) = V~^<V’ Then, if is any number 
greater than ^q, either (p{^')'^7j or w^e can find a number 
between ^q and such that ^ tj. In either case we can find 
a number as near to ^q as we please and such that the corre- 
sponding values of (j){x) differ by more than k. And this again 
contradicts the hypothesis that <j){x) is continuous for x = fo. 

Hence 0(£o) = rjy and the theorem is established. It should be 
observed that we have proved more than is asserted exph'citly in 
the theorem; we have proved in fact that ^q is the leust value of x 
for which 0(x) = rj. It is not obvious, or indeed generally true, 
that there is a least among the values of x for which a function 
assumes a given value, though this is true for continuous func- 
tions. 

It is easy to see that the converse of the theorem just proved is not true. 
Thus such a function as the function (})[x) whose graph ia represented by 
Fig. 20 obviously assumes at least once every value between emd 
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is discontinuous. Indeed it is not even true that <l>(x) must 
be continuous when it assumes each value once and once only. Thus let 
<^{x) be defined as follows from a; = 0 to a; = 1. If a; = 0 let (f>(x) = 0; if 
0<a;<l let <p{x) = 1— a:; and if a: = 1 let <p{x) = 1. The graph of the 
function is shown in Fig. 30; it includes the points 0, G but not the points 
Af B. It is clear that, as x varies from 0 to 1, ^{x) assumes once and once 
only every value between ^(0) = 0 and ^(1) = 1 ; but (f>{x) is discontinuous 
for a; = 0 and a; = 1. 


A C 




The curves which occur in elementary mathematics are usually com- 
posed of o finite number of pieces along which y always varies in the same 
direction. It is easy to show that if 2/ = always varies in the same 
direction, i.e. steadily increases or decreases, as x varies from to 
then the two notions of continuity are really equivalent, i.e. that if <f>(x) 
takes every value between (pixf) and ^(xi) then it must be a continuous 
function in the sense of § 99. For let J be any value of x between Xq and x^. 
When through values less than 0(x) tends to the limit 0(^ — 0) 

(§ 95). Similarly, when x through values greater than 0(x) tends to 
the limit 0(£ + O). The function will be continuous for x = f if and only if 

0(£-O) = m 

But if either of those equations is untrue, say the first, then it is evident 
that 0(x) never assumes any value which lies between (p{^ — 0) and 0(£), 
which is contrary to our assumption. Thus <f){x) must be continuous. 

102. Further properties of continuous functions. In 

this and the following sections we prove a series of important 
general theorems. 
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Theorem 1. Suppose that w continuous for a; = f , and 
that ‘is positive. Then we can determine a positive number e 
such that (p (x) is positive throughout the interval — e, ^ + e). 

For, taking S = in the fundamental inequality of p. 186, 
we can choose e so that 

throughout - e, ^ + e), and then 

so that ip(x) is positive. There is plainly a corresponding theorem 
referring to negative values of ^(x). 

Theorem 2. If (p{x) is continuous for x = and <j)[x) vanishes 
for valuer of x near as we please, or assumes, for values of x as 
near to ^ as we please, both positive and negative values, then 

m = 0 . 

This is an obvious corollary of Theorem 1. If (p(^) is not zero, 
it must be positive or negative; and if it were, for example, posi- 
tive, (p{x) would be positive for all values of x sufficiently near 
to whicli contradicts the hypotheses of the theorem. 

103. The range of values of a continuous function. Let 

us consider a function <p(x) about which we shall assume at present 
only that it is defined for every value of x in an interval {a, b). 

The values assumed by ^{x) for values of x in (a, 6) form an 
aggregate S to which we can apply the arguments of § 80 , as we 
applied them in § 81 to the aggregate of values of a function of n. 
If there is a number K such that (p{x) ^ K, for all values of x in 
question, we say that (f)(x) is bounded above. In this case <f>{x) 
possesses an upper bound M\ no value of (j){x) exceeds M, but any 
number less than M is exceeded by at least one value of ^(x). 
Similarly we define 'bounded below', 'lower bound', 'bounded' as 
applied to functions of a continuous variable x. 

Theorem 1. If is continuous throughout {a,b), then it is 
bounded in {a, b). 

We can certainly determine an interval (a, Q, extending to 
the right from a, in which <p{x) is bounded. For since <p(x) is 
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continuous for x = a, we can, given any positive number d, 
determine an interval (a, throughout which 0(a;) hes between 
^(a) — (^and^(a) + (5; and obviously 0(a:) is bounded in this interval. 

Now divide the points ^ of the interval (a, b) into two classes 
L, It, putting ^ in L if (/){x) is bounded in {a, ^), and in i? if this is 
not the case. It follows from what precedes that L certainly 
exists: what we propose to prove is that E does not. Suppose that 
E does exist, and let be the number corresponding to the section 
whose lower and upper classes are L and E. Since (}){x) is con- 
tinuous for X = /?, we can, however small S may be, determine an 
interval throughout which 

Thus ^(x) is bounded in {ft — rj, p Now P — rj belongs to L. 
Therefore ^(x) is bounded in (a, p-~rj)\ and therefore it is bounded 
in the whole interval (a, /? + tj). But belongs to E and so ^(x) 
is not bounded in (a, P-\-rj). This contradiction shows that E does 
not exist, and so that ^(x) is bounded in the whole interval (a, 6). 

Theorem 2. If (j){x) is continuous throughout (a, 6), and M 
and m are its upper and lower bounds, then ^(x) assumes the values 
M and m at least once each in the interval. 

For, given any positive number 8, we can find a value of x for 
which M — (l){x)<8 or 1/(3/ — ^(x)} > l/(^. Hence — 0(x)} is 
not bounded, and therefore, by Theorem 1, is not continuous. 
But M — (})[x) is a continuous function, and so — 0(x)} is 
continuous at any point at which its denominator does not 
vanish (Ex. xxxvii. 1). There must therefore be a point at which 
the denominator vanishes, and at this point ^(x) = M. Similarly 
it may be shown that there is a point at which ^(x) = m. 

The proof just given is indirect, and it may be well, in view of 
the great importance of the theorem, to indicate alternative fines 
of proof. It will however be convenient to postpone these for a 
momentf. 

• If = 6 we must replace this interval by (/? - and ^ -\-7jhy p, throughout 

the argument which follows. 

t See § 105. 
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Examples XXXVIII, 1. If (j>{x) = 1/x except when x = 0, and 4>{x) = 0 
when X = 0, then 0(x) haa neither an upper nor a lower bound in any 
interval which includes x = 0 in its interior, such as the interval { — 1, +1). 

2. If ^(x) = 1/x* except when x = 0, and ^(x) = 0 when x = 0, then 
yJ(x) has the lower bound 0, but no upper bound, in the interval ( — 1, +1). 

3. Let ^(x) = sin(l/x) except when x = 0, and ^(x) = 0 when x = 0. 
Then (f){x) is discontinuous for x = 0. In any interval {—d, -\-S) the lower 
bound is — 1 and the u j)per bound d 1 , and each of these values is assumed 
by ^(x) an infinity of times. 

4. Let (p{x) = X — [x]. This function is discontinuous for all integral 
values of x. In the interval (0, 1 ) its lower bound is 0 and its upper bound 1. 
It is equal to 0 when x = 0 or x = 1, but it is never equal to 1. Thus (j){x) 
never assumes a value equal to its upper bound. 

6. Lot <i)[x) = 0 when x is irrational, and (j)(x) = q when x is a rational 
fraction p/5. Then (p{x) has the lower bound 0, but no upper bound, in any 
interval (a, 6). But if (}){x) — ( — 1)^5 wdien x = p/5, then ^^(x) has neither 
on upper nor a lower boimd in any interval. 

104. The oscillation of a function in an interval. Let 

(}){x) be any function bounded througliout (a, 6), and M and m its 
upper and lower bounds. We shall now use the notation iLf(a, 6), 
m{a, b) for d/, m, in order to exhibit explicitly the dependence of 
M and m on a and b, and we shall write 

0{a,b) = Al{a,b)~m{a,b). 

This number 0{a,b), the difTerence between the upper and lower 
bounds of (p{x) in (a, 6), we shall call the oscillation of (}){x) in 
(a, 6). The simplest of the properties of the functions M{a,b)y 
m{ay b)j 0(a, b) are as follows. 

( 1 ) If a-^c^by then M (a, b) is equal to the greater of M (a, c) and 
M{Cy 6), and m(ay b) to the lesser of m{ay c) and m(c, b). 

(2) if (a, b) is an increasing ^ m(a, b) a decreasing ^ and 0(a, b) an 
increasing function of b, 

(3) 0(a,6)^0(a, c)-|-0(c, 6). 

The first two theorems are almost immediate consequences of 
our definitions. Let fi be the greater of M(ayC) and M{c,b), and 
let d be any positive number. Then (p{x) ^ fi throughout (a, c) and 
(c, 6), and therefore throughout (a, h) \ and (f>{x]>^-d somewhere 
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in (djC) or in (c,6), and therefore somewhere in (a, 6). Hence 
M(a,b) = ii. The proposition concerning m may be proved 
similarly. Thus (1) is proved, and (2) is an obvious corollary. 

Suppose now that is the greater and the less of M{a,c) 
and M[c,b), and that is the less and the greater of m{a,c) 
and m(c, 6). Then, since c belongs to both intervals, (})[c) is not 
greater than nor less than Hence ^ whether these 
numbers correspond to the same one of the intervals (a, c) and 
(c, 6) or not, and 

0(a, b) = — — m^ — m^. 

But 0(a, c) + 0(c, 6) = - m^'y 

and (3) follows. 

105 . Alternative proofs of Theorem 2 of § 103 . Tho most straight- 
forward proof of Theorem 2 of § 103 is as follows. Let £ be any number of 
the interval (a, b). The function M (a, £) increases stearlily with £ and never 
exceeds M. VVe can therefore construct a section of the numbers ^ by 
putting £ in L or in according as M{a, £) < M or M{a, = M. Let ^ be 
the number corresponding to tho section. If a < /? < 6, we have 

M{a,fi — rj)<M, M{a,p + rj) = M 
for all positive values of rj, and so 

= My 

by (1) of § 104. Hence (j){x) assumes, for values of x as near as we please to 
P, values as near as we please to M, and so, since 0(x) is continuous, <1>{P) 
must be equal to M. 

li P = a then M{a^a rj) = M. And p = b then M{a,b — T]) < M , and 
so M(6 — 7/, 6) = M. In either cose tho argument may be completed as 
before. 

The theorem may also be proved by the method of repeated bisection 
used in § 71. If A/ is the upper boimd of <p{x) in an interval PQ, and PQ 
is divided into two equal parts, then it is possible to find a half P^ in 
which the upper bound of (j>{x) is also M. Proceeding os in § 71, we con- 
struct a sequence of intervals PQ, PiQi, P%Qt, ... in each of which the 
upper bound of (pix) is M. These intervals, as in § 7 1, converge to a point T, 
and it is easily proved that the value of <P{x) at this point is Af. 

106. Sets of intervals on a line. The Heine-Borel 
theorem. We shall now proceed to prove some theorems con- 
cerning the oscillations of a function which are of particular 
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importance, os we shall see later, in the theory of integration. 
These theorems depend upon a general theorem oonoeming 
intervals on a line. 

Suppose that we are given a set of intervals in a straight hne, 
that is to say an aggregate each of whose members is an interval 
(a, P). We make no restriction as to the nature of these intervals; 
they may be finite or infinite in number; they may or may not 
overlap*; and any number of them may be included in others. 

It is worth while in passing to give a few examples of sots of intervals to 
which wo shall have occasion to return later. 

(i) If the interval (0, 1) is divided into n equal parts, then the n intervals 
thus formed define a finite set of non-overlapping intervals which just 
cover up the line. 

(ii) Wo take ov^ery point ^ of the interval (0, 1 ), and associate with f the 
interval (J — c, J-l- e), whe-ire e is a positive number less than 1, except that 
with 0 W6 associate (0, e) and witli I we associate ( 1 — e, 1), and in general 
we reject o.ny part of cviiy interval which projects outside the interval 
(0, 1). We thus define an infinite set of intervals, and it is obvious that 
many of them overlap with one another. 

(iii) We take the rational points p/g of the interval (0, 1), and associate 
with pjq the interval 

q q'' q q\- 

where e is positiv'e and loss tlian 1. We regard 0 as 0/1 and 1 os 1/1: in 
these two cases we reject the part of the interval wliich lies outside (0, 1). 
We obtain thus an infinite sot of intervals, which plainly overlap with one 
another, since there are an infinity of rational points, other than pjq, in 
the interval associated with pfq. 

The Heine -Borel theorem. Sa])jx)se that we are given an 
interval (a, 6), and a set of intervals 1 each of whose members is 
included in (u, 6). Suppose further that I possesses the following 
properties : 

(i) every point of {a yb), other than a or b, lies inside'\ at least one 
interval of I \ 

* The word overlap ia used in its obvious sense: two intcrvala overlap if they have 
points in common which are not end points of either. Thus (0, |) and (i, 1) overlap. 
A pair of intervals such as (0, i) and (i, 1) may bo said to abiU. 

t That is to say ‘in and not at an end of’. 
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(ii) a is the left-hand end point, and b the right-hand end point, 
of at least one interval of I. 

Then it is possible to choose a finite number of intervals from 
the set I which form a set of intervals possessing the properties 
(i) arid (ii). 

It is sufficient to prove that there exists a positive number I 
such that any sub -interval of [a, b) of length I is a sub -interval of at 
least one interval of I . For then we have only to choose a finite 
number of (overlapping) sub -intervals of {a, b) of length I and 
possessing the properties (i) and (ii). Each of these sub-intervals 
is contained in at least one interval of 7, and the result follows. 

We give two proofs of the existence of the number Z, the first 
of which is indirect.* 

(a) Suppose that no such number Z exists. Then there is a 
sequence of sub-intervals of (a, b), 

which are not sub-intervals of any interval of 7. By Weierstrass’s 
theorem (§ 19), the set of points has at least one point of 
accumulation, c, say, in (a, 6), and (by (ii)) c does not coincide 
with a or 6. c is an interior point of at least one interval {x' , x") 
of 7, and for some sufficiently large n the interval (c^ , 4 2“’^) 

is a sub-interval of {x', x"). Thus we obtain a contradiction, and 
the number Z must exist. 

(b) Let a' be the mid-point of an interval of 7 which has a as 
left-hand end point, b' the mid-point of an interval of 7 which 
has b as right-hand end point. We may suppose that these two 
intervals do not overlap (else there is nothing to prove). For 
any given point x of (a', 6'), let p{x) be the upper bound of 
numbers A such that the interval (x — A, x-fA) is a sub-interval 
of at least one member of 7. p(x) is clearly positive in (a', 6')f ; 
we shall show that p{x) is continuous in the (closed) interval 

* Both proofs were suggested to me by Mr A. S. Besicovitch. 

t Including the end points a', b'. This is no longer true in the whole interval 

(o, 6). 
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{a' 6'). For suppose (x — A, x + A) is a sub-interval of a member 
of /, and take x' near x. Then plainly the interval (x' — A', 
x'-f A'), where A' = A - [x — x' |, is contained in (x — A, x + A), and 
so in a member of I. Hence 


p{x') ^ A' = A — I X — x' I . 

Since A can be as near to p(x) as we please, wo must therefore 
p{x')^p{x)-\x-x'\, 
p{x)-^p{x')-\x-x'\. 

|p{.r)-o(x')l < \x-x'\, 
and p(x) is continuous. 

Plence p{x) attains its lower bound in {a\ b'), m say, m>0, 
and we may take I as tlie minimum of (i) 2(a' — a), (ii) 2{b — b'), 
and (hi) some (any) number less than 2m*. 

It is instructive to consider the examples of p. 1D7 in the light of this 
theorem. 


have also 

and similarly 
Thus 


(i) Here the conditions of tlie theon^m are not satisfied; the points 
1/n, 2/n, 3/n, ... do not lie inside any interval of I. 

(ii) Here the conditions of tlio theorem are sat isfied. The set of intervals 


(0,2e), (e,3e), (26. 4e;), .... (l-2e, 1), 

associated with the points e, 2€» 36, ..., 1— e, possesses the properties 
required. 

(iii) In this c/iso we can prove, by using the tlitiorem, that there are, 
if e is small enough, points of (0, 1) w^hich do not lie in any interval of I. 

If every point of (0, 1) lay inside an interval of I (with the obvious 
reservation as to tlie end points), then wo could find a finite number of 
intervals of 1 possessing the same property and having therefore a total 
length greater than 1. Now there are two intervals, of total length 2e, for 
which q = and q—\ intervals, of total length 2e{q— 1)/?®, associated 
with any other value of q. The sum of any finite number of intervals of 1 
can therefore not be greater than 26 times that of the series 


1-t 


1 

23 



3 

4» 




which will be shown to bo convergent in Ch. VIII. Hence it follows that, 
if e is small enough, the supposition that every point of (0, 1) lies inside 
on interval of I leads to a contradiction. 

* Not 2m. For any given x, p[x) need not be an attained bound of the numbers A. 
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The reader may be tempted to think that this proof is needlessly 
elaborate, and that the existence of points of the interv^al, not in any 
interval of follows at once from the fact tliat the sum of all these intervals 
is less than 1. But the theorem to which he would be appealing is (when the 
set of intervals is infinite) far from obvious, and can only be proved 
rigorously by some such use of the Heine-Borel theorem as is made in 
the text. 

107. The oscillation of a continuous function. We shall 
now apply the Heine-Borel theorem to the proof of two important 
theorems concerning the oscillation of a continuous function. 

Theorem I. If <f>{x) is continuous throughout the interval (a, b), 
then we can divide (a, b) into a finite number of sub-intervals (a, 

6), in each of which the oscillation of <f){x) is less 
than an assigned positive number S. 

Let § be any number between a and b. Since (f){x) is continuous 
for x = ^, we can determine an interval (^ - e, ^ -h e) such that the 
oscillation of (f){x) in this interval is less than d. It is indeed 
obvious that there are an infinity of such intervals corresponding 
to every ^ and every S, for if the condition is satisfied for any 
particular value of e, then it is satisfied a fortiori for any smaller 
value. What values of c are admissible will naturally depend upon 

we have at present no reason for supposing that a value of e 
admissible for one value of ^ will be admissible for another. We 
shall call the intervals thus associated with ^ the d-intervals of 

If ^ = a then we can determine an interval (a, a -f- e), and so an 
infinity of such intervals, having the same property. These we 
call the ^-intervals of a, and we can define in a similar manner the 
(5-inter vals of b. 

Consider now the set 1 of intervals formed by taking all the 
(5-intervals of all points of (a,b). It is plain that this set satisfies 
the conditions of the Heine-Borel theorem; every point interior 
to the interval is interior to at least one interval of /, and a and b 
are end points of at least one such interv^al. We can therefore 
determine a set F which is formed by a finite number of intervals 
of /, and which possesses the same property as I itself. 
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The intervals which compose the set /' will in general overlap, 

as in Fig. 32. But their end ____ — — — 

points obviously divide up (a, 6) ^ ■ ^ — 

into a finite set of intervals F ^ ^ 

Fig. 32 

each of which is included in an 

interval of and in each of which the oscillation of is less 
than S. Thus Theorem I is proved. 

Theorem II. Given any positive number Sj we can find a 
number rj such that, if the interval {a,b) is divided in any manner 
into sub-intervals of length less than then the oscillation of (p{x) 
in each of them will be less than S. 

Take and construct, as in Theorem I, a finite set of 

sub -intervals j in each of which the oscillation of (f)(x) is less than 
Let rj be the length of the least of these sub-intervals j. If 
now we divide (a, b) into parts each of length less than y, then any 
such part must lie entirely within at most two successive sub- 
intervals j. Hence, in virtue of (3) of § 104, the oscillation of ^(x), 
in one of the parts of length less than y, cannot exceed twice the 
greatest oscillation of <})(x) in a sub-interval j, and is therefore 
less than 2(J^, and therefore than 8. 

This theorem is of fundamental importance in the theory of 
definite integrals (Ch. VII). It is impossible, without the use of 
this or some similar theorem, to prove that a function continuous 
throughout an interval necessarily possesses an integral over that 
interval. 

108. Continuous functions of several variables. The 

notions of continuity and discontinuity may be extended to 
functions of several independent variables (Ch. II, §§31 et seq.). 
Their appfication to such functions, however, raises questions 
much more complex and difficult than those which we have con- 
sidered in this chapter. It would be impossible for us to discuss 
these questions in any detail here; but we shall, in the sequel, 
require to know what is meant by a continuous function of two 
variables, and we accordingly give the following defimtion. It is 
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a straightforward generalisation of the last form of the definition 
of §99. 

The function 0(x, y) of the two variables x and y is said to be 
continuous /or x = y = rj if , given any positive number S, how- 
ever small, we can choose €{S) so that 

when 0 ^ I a: — ^ I ^ e((^) and 0 ^ | ^ — 9/ 1 ^ e((^) ; that is to say if we 
can draw a square, whose sides are parallel to the axes of coordinates 
and of length 2e{S), whose centre is the point (^, rj), and which is such 
that the value of (}){;x,y) at any point inside it or on its boundary 
differs from by less than S*. 

This definition of course presupposes that (l>{x,y) is defined at 
all points of the square in question, and in particular at the point 
{^,7}). Another method of stating the definition is this: (f){x,y) is 
continuous for x = y = rj if (j){x, y) -> ij) when x-^^ and y->7j 
in any manner. This statement is apparently simpler; but it 
contains phrases the precise meaning of which has not yet been 
explained and can only be explained by the help of inequalities 
like those which occur in our original statement. 

It is easy to prove that the suras, the products, and in general 
the quotients of continuous functions of two variables are them- 
selves continuous. A polynomial in two variables is continuous for 
aU values of the variables; and the ordinary functions of x and y 
which occur in every-day analysis are generally continuous, i.e. 
are continuous except for pairs of values of x and y connected by 
special relations. 


The reader should observe carefully that to assert the continuity of 
(p{x, y) with respect to the two variables x and y is to eissert much more 
than its continuity with respect to each variable considered separately. 
It is plain that if y) is continuous with respect to x and y, then it is 
continuous with respect to x (or y) when any fixed value is assigned 
to y (or x). But the converse is by no means true. Suppose, for example, 
that 




2:n/ 


The reader should draw a figure to illustrate the definition. 
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when neither x nor y is zero, and (^{x,y) = 0 when either x or ?/ is zero. 
Ttien if y has any fixed value, zero or not, y) is a continuous function 
of X, and in particular continuous for x = 0; for its value when x = 0 is 
zero, and it tends to the limit zero as x 0. In the same way it may be 
shown that (j){x,y) is a continuous function of y. But (p{x,y) is not a con- 
tinuous function of x and y for x = 0, y = 0. Its value when x = 0, 1/ = 0 
is zero; but if x and y tend to zero along the straight lino y = ax, then 


y) = » lira y) 


2a 

l-f a'*’ 


which may have any value botw’^een — 1 and 1 . 


109. Implicit functions, We have already, in Ch. II, met with 
the idea of an implicit function. Thus, if x and y ai'o comiectod by the 
relation 


~xy — y — x — 0 


•( 1 ). 


then y is an ‘implicit function ’ of x. 

But it is far from obvious that such an equation as this does really 
define a function y of x, or several such functions. In Ch. II we were 
content to take this for granted. We are now’ in a position to consider 
whether the assumption we made then was justified. 

Wo shall find the following terminology useful. Suppose that it is 
possible to surround a point (a, h), as in § 108, with a square throughout 
which a certain condition is satisfied. We shall call such a square a neigh- 
bourhood of {a,b), and say that the condition in question is satisfied in the 
neighbourhood of {a,b), or near (a, 6), meaning by this simply that it is 
possible to find some square tliroughout which the condition is satisfied. 
It is obvious that similar language may bo used when w e are dealing with 
a single variable, the square being replaced by an interval on a lino. 

TiiEOiiKM, Jf (i) /(.T, ?/) is, for all values of y in the neighbourhood of b, 
a continuous function of x iyi the neighbourhood of a, 

(ii) /(a, 6) = 0, 

(iii) f[x, y) is, for all values of x in the neighbourhood of a, a steadily in- 
creasing function of y in the neighbourhood of b, in the stricter sense of § 95, 
then (1) there is a unique function, y =(f){x) which, when substituted in the 
equation f{x, y) = 0, satisfies it identically for all values of x in the neigh- 
bourhood of a, 


(2) (j)[x) is continuous for all values of x in the neighbourhood of a*. 

In the figure the square represents a ‘neighbourhood’ of {a, b) in and 

* This form of the theorem was suggested to me by A. S. Besicovitch; the 
form given in earlier editions requires the continuity of f{x, y) in x and y. 
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on which the conditions (i) and (iii) are satisfied, and P the point (o, 6). 
If we take Q and 12 as in the figure, it follows from (ii) and (iii) that 
/(x, y) is positive at Q and negative at R. This being so, and /(x, y) being 
a continuous function of x at Q and 12, we can draw lines R'Q\ R^Q" , 
as shown, parallel to O T, such that /(x, y) 
is positive at all points of Q'Q’" y and negative 
at all points of R'R" (§ 102, Theorem 1). In 
particular /(x, y) is positive at and negative 
at R'y and therefore, in virtue of (iii) and 
§ 101, vanishes once and only once at a point 
P' on R'Q' . The same construction gives us 
a unique point at which /(x, y) — 0 on each 
ordinate between R'Q' and R''Q''. The aggre- 
gate of points such as P' gives us the graph 
of the required function y = ^(x), defined in 
the interval (a, /?) of x, corresponding to the 
segment Q'Q". 

It remains to prove that <f){x) is continuous. Take now Xq such that 
(X<XQ<fi, and let i/q = 0(xo). Then /(X q, y^) = 0, and so far all sufficiently 
small positive e , j/„ - e) < 0 </(Xo ,y^ + e). 

Since /(x, y) is a continuous function of x at (x^, Uq — s), (Xq, t/o + e), it 
follows that to any (sufficiently small) fixed positive e corresponds a 
positive S such that y, - e) < 0 <f{x, j/, + e) 

for a^XQ — S <x <Xq-\- S Hence (again in virtue of (iii) and § 101) 
whenever x lies in Xq — S <x <Xq-\- S, y lies in 2/o ~ ^ < 2/ < 2/o + e, and so 
0(x) is continuous in OL<x<p. 

It is clear that the truth of the theorem would not be affected if we were 
to change ‘increasing’ to ‘decreasing’ in condition (iii). 

As an example, let us consider the equation (1), taking o = 0, 6 = 0. 
It is evident that the conditions (i) and (ii) are satisfied. Moreover 
f{x, y) -f{x, y') = (y-y') (y* + y’y' + y-y'* + yy"^ + ?/'*- x - 1 ) 
has, when x, i/, and y' are sufficiently small, the sign opposite to that of 
y — y'. Hence condition (iii) (with ‘decreasing’ for ‘increasing ’) is satisfied. 
It follows that there is one and only one continuous function y which 
satisfies the equation (1) identically and vanishes with x. 

The same conclusion would follow if the equation were 

yi-xy-y-x = 0 . 

The function in question is in this case 

y = J{l+x- x/( 1 + 6x4- X*)}, 

where the square root is positive. The second root, in which the sign of 


Q' Q Q" 



R' R R" 
Fig. 33 
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the square root is changed, does not satisfy the condition of vanishing 
with z. 

There is one point in the proof which the reader should be careful to 
observe. We supposed that the hypotheses of the theorem were satisfied 
‘in the neiglibourhood erf («, b) \ that is to say throughout a certain square 
£ — + 7} — e-^y-^T) -\-e. The conclusion liolds ‘in the neighbour- 
hood ofx = a\ that is to say throughout a certain interval £ — ^ x ^ ^ -j- 

There ia nothing to show that the of the conclusion is the e of the hypo- 
theses, and indeed this is generally untrue. 

110. Inverse functions. Suppose in particular that f[x,y) is of the 
form F{y) — x. We then obtain the following tlieorem. 

If F{y) is a Junction of y, continuous and steadily increasing {or decreasing) 
in the stricter sense of § 95, in the neighbourhood of y b, and F{b) = a, then 
there is a unique continuous function y = (j){x) which is equal to b when x = a 
and satisfies the equatioji F{y) = x identically in the neighbourhood of x = a. 

The function thus defined ia called the inverse function of F{y). 

Suppose for examph) that y^ ~ Xy a = 0, b ~ 0. Then all the conditions 
of tlie theorem arc satisliod. The inverse function ia x = ^y. 

If W6 had supposed thaty^ = x, then the condit ions of the theorem would 
not have been satisfied, for y* is not a steadily incrc^asing function of y in 
any interval which includes y = 0: it decreases when y is negative and 
increases when y is positive. And in this case the conclusion of the theorem 
does not hold, forty® = x defines functions of x, viz. y = yJxAndy = —y]Xy 
both of which vanish when x = 0, and each of which is defined only for 
positive values of x, so that the cejuation has sometimes two solutions 
and sometimes none. The n'ader should consider the more general 
equations ^ 2 n _ ^ 

in the same way. Another intoroatirig oxamj)le ia given by the equation 

y®-t/-x = 0, 

already considered in Ex. xiv. 7. 

Similarly the equation ain y — x 

has just one solution which vanishes with x, viz. the value of arc sin x 
which vanishes with x. There are of course an infinity of solutions, given 
by the other values of arc sin x (cf. Ex. xv. 10), which do not satisfy this 
condition. 

So far we have considered only what happens in the neiglibourhood of 
a particular value of x. Let us suppose now that F{y) is positive and 
steadily increasing (or decreasing) throughout an intcrv'al (a,fc). Given 
any point ^ of {a,b)y we can determine an interval i including and a 
unique and continuous inverse function (pt{x) defined throughout i. 
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From the set 1 of intervals i we can, in virtue of the Heine -Borel 
theorem, pick out a finite sub-set covering up the whole interval (a, 6); 
and it is plain that the finite set of functions corresponding to the 

sub-set of intervals i thus selected, define together a unique inverse 
function (j){x) continuous throughout (a, 6). 

We thus obtain the theorem: if x = F{y), where F(y) is continuoiis and 
increases steadily and strictly from AtoBasx increases from a to 6, then there 
is a unique inverse function y = (j){x) which is continuous and increases 
steadily and strictly from a to b as x increases from A to B. 

It is worth while to show how this theorem can be obtained directly 
without the help of the more difficult theorem of § 109. Suppose that 
A <^<B, and consider the class of values of y such that (i) a<y<h and 
(ii) F{y)^^. This class has an upper bound ?/, and plainly F{rj)<^. If 
Fiy) were less than we could find a value of y such that y>r] and 
F{y) < and rj wouUl not bo the upper bound of the class considered. 
Hence F{7j) = The equation F{y) — ^ has therefore a unique solution 
y = Tj = say; and plainly 7} increases steadily and continuously with 

which proves tlie theorem. 


MISCELLANEOUS EXAMPLES ON CHAPTER V 


1 . Show that in general 

ax" + k 

Ax^ + Bx^-^-\- 


a-f-(l + 77), 
X 


where a = a/ A, = {bA —aB)IA^, and rj is of the first order of smallness 

when X is large. Indicate any exceptional cases. 


2. Determine a, /?, and y so that 


ax^ + 6x -f c 
Ax^-{-Bx+G 


X 


7 

X“ 




where y is of the first order of smallness when x is large. Indicate any 
exceptional cases. 

3. Show that, if P{x) is a polynomial ax" + + . . . + A; whose first 

coefficient a is positive, then P(x -\-h) — P{x) and 

P(x + 2h) - 2P{x + ;i) + P(x) 
increase steadily from a certain value of x onw^ards. 


4 . Prove that 


P{x -f /i) — P{x) nhax^~^, P(x + 2h) — 2P{x + /i) + P(x) ~ n(n — 1 ) /i^ox" 
when ® -► 00. 



207 


110] DISCONTINUOUS FUNCTIONS 

6. Show that lim [yl(x + o) — ^x) = \a. 

X— ► OD 

[Use the formula ^J{x-\-a) — yjx = aj[^{x a) ^x},] 

6. Show that ^J{x + a) = ^x + Aax"* ( 1+ ^), where 7/ is of the first order 
of smallness when x is largo. 

7. Find values of a, and such that ^{ax^ -\-2hx~\- c) — olx — ^ has the 
limit zero as 2 :->»oo ; and prov^o that 

lim + 26x + c) — ax — /?} = (ac — b^)j2a Ja. 

8. Evaluate V\m x^{^[x^ ^{x* — x ^2). 

X— ► CO 

9. Provo that see x — tan x -► 0 as x-y ^n. 

10. Prove that (p{x) = 1 — cos ( 1 — cos x) is of the fourth order of small- 
ness when X is small; and find the limit of (j){x)jx^ os x -> 0. 

1 1 . Prove that ^(x) = x sin (sir x) — sin^ x is of the sixtli order of small- 
ness when X is small; and find the limit of 0(x)/x® as x -> 0. 

12. From a point P on a radius OA of a circle, produced beyond the 
circle, a itmgent PT is drawn to the circle, touching it in T, and TN is 
drawn perpendicular to OA. Show that NA fAP -► 1 as P moves up to A. 

13. Tangents are drawn to a circular arc at its middle point and its 
extremities; A is the area of the triangle formed by the chord of the arc 
and the two tangents at the extremities, and A' the area of that formed by 
the tliree tangents. Show that AjA'-^i: os the length of the arc tends to 
zero. 

14. For what values of a does (a + sin (l/x)]/x tend to (1) oo, (2) — oo, as 
X ^ 0 ? [To ooifa>l, to — ooifa< — 1; otherwise the function oscillates.] 

15. If (f>{x) = 1/5 when x = pjq, and (fi{x) = 0 when x is irrational, then 
^(x) is continuous for all irrational and discontinuous for all rational 
values of x. 

16. Show that the function whoso graph is drawn in Fig. 30 may be 
represented by either of the formulae 

1 — X + [x] — [1 — x], 1— X— lim (cos*"-'-^ TTx). 

n— ►CO 

17. Show that the function (f){x) which is equal to 0 when x = 0, to J — x 
when 0<x< to J when x = to i—x when i<x< 1, and to 1 when 
X = 1, assumes every value between 0 and 1 once and once only as x 
increases from 0 to 1, but is discontinuous for x = 0, x = and x = 1, 
Show also that the function may be represented by the formula 

i-i+J[2x]-4[l-2x]. 
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18. Let (j)(x) = X when x is rational and (})(x) = 1 — x when x is irrational. 
Show that (j){x) assumes every value between 0 and 1 once and once only 
as X increases from 0 to 1 , but is discontinuous for every value of x except 
X = i. 

19. Prove that a function which is increasing at every point of (a, 6 ) is 
an increasing function in (a, b). 

Show that a function which is ‘increasing on the right’ at every point 
of (a, b) is not necessarily an increasing function in (a, 6 ), but is so if it is 
continuous. {Math. Trip. 192G) 

[We say that ^(j){x) is increasing at x’ when (i) (j){x')'^(l){x) for all x' of 
some interval to the right of x and (ii) ^(x') ^ ^(x) for all x' of some interval 
to the left of x. When (i) alone is given, we say that (p(x) is ‘increasing on 
the right*. 

We have to prove that <l){x.^)^(j){xy) if a^Xi<X 2 ^ 6 . We divide the 
points £ of (xj, h) into two classes L and R, L if ^(x') ^ 0(xi) for all x' of 
(Xj, ^), and R in the contrary case, and denote by /3 the number corre- 
sponding to the section. The conclusion will follow if /^ = 6 (i.e. if i? does 
not exist). 

If /? < 6 and <f){j3) ^ <p{x^)y then we can, by (i), find an interval to the right 
of in which 0 (x) ^ ^ ^^(Xi), and this contradicts the definition of 

Hence 0(/?) < <l>{x{) if /? < 6 . So far we have used (i) only. 

If (ii) also is true, then there are points to the left of P at which 
0{x) ^ ^(/?) < ^^(Xi), and this again contradicts the definition of Hence 
/? = 6 , os required. The same conclusion follows if (i) only is given but 
(p{x) is continuous; for then (p{x) < (p{x^) for values of x to the left of but 
sufficiently near to /?. 

The example a = 0,b = 2,/(x) = x for 0 ^x < l,/(x) = x — 1 for 1 <x ^ 2, 
shows that the conclusion does not follow from (i) alone.] 

20. As X increasos from — to y = sin x is continuous and steadily 
increeLses, in the stricter sense, from — 1 to 1 . Deduce the existence of a 
function x = arc 8 iny which is a continuous and steadily increasing 
function of y from y = —\ to y = 1 . 

21. Show that the numerically least value of arc tan y is continuous for 
all values of y and increases steadily from — Jtt to ^77 as y varies through all 
real values. 

22. Examine whether the equation 

x + y^-P{x,y) = 0, 

where P{x,y) is a poljmomial containing no term of degree loss than 2, 
defines a unique function vanishing at x = 0 and continuous in the 
neighbourhood of x = 0 . {Math. Trip. 1936) 
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23. Discuss, on the lines of §§ 109-110, the solution of the equations 

y^-y-x — 0, - y* - a;* = 0, j/« - y* + x* = 0 

in the neighbourhood of x = 0, y = 0. 

24. If ax* -f- 26xy + cy* 4- 2dx -I- 2ey = 0 and d = 26de — ae* — cd*, then 
one value of y is given by y = ctx + /^x* + yx* 4- 0(x*), where 

a = — d/fi, /)' = d/2e®, y = (cd — 6c) d/2e®. 

[If y — (XX = then 

- 2e7/ = ax* + 26 x( 7; 4- ox) 4- c(tj 4- ax)* = ^x* + 2Bxy + Cy*, 
say. It is evident that t ) is of the second order of smallness, xtj of the third, 
and y* of the fourth; and — 2€ij = Ax^ — {AB/e) x*, the error being of the 
fourth order.] 

26. If X = ay + 6y* 4 cy*, then one value of y is given by 
y = ax + /dx* 4- yx* + 0(x*), 
where a = IJa, ^ = — 6/a*, y = (2h^ — ac)ja^. 

26. If X = ay 4- 6y", where n is an integer greater than unity, then one 
value of y is given by y = ox + ydx" + yx*"~^ + 0(x®'*-*), whore a = I /a, 
yd = — 6/a”+b y = n6*/a*"+^. 

27. Show that the least positive root of the equation xy = sinx is a 
continuous fimction of y throughout the interval (0, 1), and decreases 
steadily from 77 to 0 as y increases from 0 to 1. [The function is the inverse 
of (3inx)/x: apply § 1 lO.J 

28. The least positive root of xy = tanx is a continuous function of y 
throughout the interval (1, cx)), and increases steadily from 0 to J 77 as y 
increases from 1 towards 00 . 

29. A function 0{x) is said to bo upper semi-continuous at x if 

<l){x')<(p{x) 4- 

for every positive 8 and all x' of an interval (depending on x and 8) round x. 
Prove that a function up^^er serai -continuous at all points of (a, 6) has 
an upper bound, which it attains, in (a, 6). {Math. Trip. 1924) 

[To prove the existence of an upper bound M, replace ‘bounded’ by 
‘bounded above’ in the proof of Theorem 1 of § 103. To prove that (p{x) 
attains the value M, make corresponding changes in the argument of 
§ 105. We find that <p{x) assumes, near yd, values os near as we please to Af, 
and this contradicts the inequality (f){x) < <p{/^) + 8 if <p{/^)<M and 8 is 
sufficiently small. 

We can define lower semi -continuity similarly by an inequality 
(j}{x') > <l>{x) — 8. 

A lower semi -continuous function has an attained lower bound. A function 
both upper and lower semi -continuous is continuous.] 


» P M 
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DERIVATIVES AND INTEGRALS 

111. Derivatives or differential coefficients. We return 
to the consideration of the properties which we naturally associate 
with the notion of a curve. The first and most obvious property 
is, as we saw in the last chapter, that which gives a curve its 
appearance of connectedness, and which we embodied in our 
definition of a continuous function. 

The ordinary curves wliich occur in elementary geometry, such 
as straight fines, circles and conic sections, have much more 
* regularity* than is implied by mere continuity. In particular 
they have a definite direction at every point; there is a tangent 
at every point of the curve. The tangent to a curve at P is defined, 
in elementary geometry, as ‘ the limiting position of the chord PQ, 
when Q moves up towards coincidence with P*. Let us consider 
what is implied in the assumption of the existence of such a 
limiting position. 

In the figure (Fig. 34) P is a fixed point on the curve y = (pix), 
and Q a variable point; PM, QN are parallel to OF and PE to 



OX. We denote the coordinates of P hy x^y and those of Q by 
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x + A, y + fc: h will be positive or negative according as N lies to 
the right or left of M. 

We have assumed that there is a tangent to the curve at P, or 
that there is a definite 'limiting position’ of the chord PQ. Sup- 
pose that PT, the tangent at P, makes an angle ^ with OX. Then 
to say that PT is the limiting position of PQ is equivalent to 
saying that the limit of the angle QPR, when Q apj)roaches P 
along the curve from either side, is \j/. We have now to distinguish 
two cases, a general case and an exceptional one. 

The general case is that in which ^ is not equal to \7t, so that 
PT is not parallel to OY . In this case RPQ tends to the limit 

RQjPR = tan RPQ 
tends to the limit tan^!^. Now 

RQ ^NQ-MP </>(r) 

PR " MN ~ }r 


<^{x + h)-(p{x) 

and so bm — — — = tan^ (1). 

*-►0 ^ 

The reader should be careful to note that in all these equations 
all lengths are regarded as affected with the proper sign, so that 
(e.g.) RQ is negative in the figure when Q lies to the left of P; and 
that the convergence to the limit is unaffected by the sign of h. 

Thus the assumption that the curve which is the graph of 
^(x) has a tangent at P, which is not ])erpendicular to the axis of 
X, implies that [(p{x -^h) — (l)[x)]jh tends to a limit when h tends to 
zero. 


This of course implies that both of 

+ /i) - <J>{x)}jh, ~h)- (p{x)]l{ - h) 

tend to limits when 0 by positive values only, and that the two limits 
are equal. If those limits exist but are not equal, then the curve has an 
angle at the particular point considered, as in Fig. 35. 

Now let US suppose that the curve has (like the circle or ellipse) 
a tangent at every jioint of its length, or at any rate every portion 
of its length which corresponds to a certain range of variation 
of z. Further let us suppose this tangent never perpendicular to 
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the axis ofx: this would restrict us, when the curve is a circle, to an 
arc less than a semi-circle. Then ( 1 ) is true for all values of x which 
fall inside this range. To each such value of x corresponds a value 
of tan tan ^ is a function of x which is defined for all values of 
x in the range of values under consideration. We shall call this 
function the derivative of ^(x), and we shall denote it by 

Another name for the derivative of ^{x) is the differential 
coefficient of (/){x); and the operation of calculating (x) from 
(p(x) is generally known as differentiation. This terminology 
is firmly established for historical reasons: see § 116. 

Before we proceed to consider the special case mentioned 
above, in which ijr = we shall illustrate our definition by some 
general remarks and particular illustrations. 

112. Some general remarks. (1) The existence of a 
derived function (p\x) for all values of x in the interval a^x^h 
implies that (f>{x) is continuous at every point of this interval. For 
it is evident that {(l){x -\-h) — cannot tend to a fimit unless 

]im(l)[x + h) = <}){x), and it is this which is the proj^erty denoted 
by continuity. 

(2) It is natural to ask whether the converse is true, i.e. whether 
every continuous curve has a definite 
tangent at every point, and every 
function a difiTerential coefficient for 
every value of x for which it is con- 
tinuous*. The answer is obviously No: 
it is sufficient to consider the curve 
formed by two straight fines meeting 
to form an angle (Fig. 35). The reader will see at once that in 
this case {(l){x^h) — (j){x)]lh has the fimit tan^ when A->0 by 
positive values and the fimit tan a when 0 by negative values. 

* We leave out of account the exceptional caRo (which we have still to examine) 
in which the curve has a tangent perpendicular to OX: apart from this possibility 
the two forms of the question are equivalent. 



^ X 

Fig. 35 
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This is of course a case in which a curve might reasonably be said to have 
tmo directions at a point. But the following example, although a little 
more difficult, shows that there are cases in which a continuous curve 
cannot bo said to have either one direction or several directions at one of 
its points. Draw the graph (Fig. 14, p. 50) of the function xsin(l/x). The 
function is not deffined for x = 0, and so is discontinuous for x = 0. On 
the other hand the function defined by the equations 

= xsin (1/x) (x4=0), ^(x) = 0 (x = 0) 

is continuous for X = 0 (Exs. xxxvii. 14, 16), and the graph of this function 
is a continuous curve. 

But (^{x) has no derivative for x = 0. For ^^'(0) would be, by dofinitionr 
lim — (^{0)}lh or limsin (llh); and no such limit exists. 

It has been shown that a continuous function of x may have no deriva- 
tive for any value of x, but the proof of tliis is much more difficult. The 
reader who is int (‘rested in tho cpiostion may bo r(3forr(>d to Bromwich’s 
Infinite series (lat edition), pp. 490-1, or Hobson’s Theory of functions 
of a real variable (2nd edition), vol. ii. pp. 411-12. 


(3) Tlie notion of a derivative or (lifferential coefficient was 
suggested to us by geometrical considerations. But there is 
nothing geometrical in the notion itself. The derivative (f)'{x) of 
a function (fj(x) may be defined, without any reference to any kind 
of geometrical representation of <f)(x), by the equation 


= lim 
/.-►o 


(^(x + h)-r^^(x)^ 
It 


and (p(x) has or has not a derivative, for any particular value of x, 
according as this limit does or does not exist. The geometry of 
curves is merely one of many departments of mathematics in 
which the idea of a derivative finds an application. 


^Vnother important application is in dynamics. Suppose that a particle 
is moving in a straight lino in such a way that at time t its distance from 
a fixed point on tho lino is <p{t)- Then the ‘velocity of the particle at 
time is by definition the limit of 

f>{t + h) - f>{t) 

~h 

as h^O. The notion of ‘velocity’ is merely a special cose of that of the 
derivative of a function. 
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Examples XXXIX. 1. If ^(rc) is a constant, then ^'(x) = 0. Interpret 
this result geometrically. 

2. If 0(x) = 0x4-6, then (l>'(x) = o. Prove this (i) from the formal 
definition and (ii) by geometrical considerations. 


3. K ^(x) = X™, where m is a positive integer, then 0'(x) = mx”*~i. 

, (x 4-6)”^ — x”* 

[For <l>'(x) = lim 


= limjri 


m(m— 1) 


1.2 


— x^-'^h . 


Tlie reader should observe that this method cannot be applied to 
where pjq is a rational fraction, because (x4-/0^^^ carmot be expressed as 
a finite series of powers of h. We shall show later on (§ 1 19) that the result 
of this example holds for all rational values of m. Meanwhile the reader 
will find it instructive to determine <i>\x) when m has some special frac- 
tional value (e.g. i), by means of some special device.] 


4. If 0(x) = sinx, then <j)'(x) = cosx; and if ^(x) = cosx, then 
^'(x) = — sinx. 

[For example, if 0(x) = sinx, we have 

^(x -f A) — ^(x) 2sin^A 

A ~ 

the limit of which, when A->-0, is cosx, since lim cos (x 4- JA) = cosx (the 
cosine being a continuous function) and lim {(sin \h)l^h] = 1 (Ex. xxxvi. 
13).] 


cos (x4- JA), 


5. Equations of the tangent and normal to a curve y = <p(x). The 
tangent to the curve at the point (x^.y,,) is the lino through (Xq, ?/o) which 
makes with OX an angle whore tan ijr = ^'(xq). Its equation is therefore 

y-yo = 

and the equation of the normal (the perpendicular to the tangent at the 
point of contact) i3 (y _ + = 0. 

We have assumed that the tangent is not parallel to the axis of y. In this 
special case it is obvious that the tangent and normal are x = Xq and 
y = y^ respectively. 

6. Write down the equations of the tangent and normal at any point 
of the parabola x“ = 4uy. Show that if Xq = 2a/m, y^ = o/m^, then the 
tangent at (Xo,yo) is 3: = my 4- (a/m). 


113. We have seen that if 0(x) is not continuous for a value 
of X then it cannot have a derivative for that value of x. Thus 
such functions as Ijx or 8m(l/x), which are not defined for 
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X = 0, and so necessarily discontinuous for x = 0, cannot have 
derivatives for x = 0. Or again the function [x], which is discon- 
tinuous for every integral value of x, has no derivative for any 
such value of x. 

Example. Since [x] is constant between every two integral values of x, 
its deriv^ative, whenever it exists, has the value zero. Thus the derivative 
of [x], which we may represent by [x]', is a function equal to zero for all 
values of x save integral values and undefined for integral values. It is 

interesting to note that the function 1 — " has exactly the same 

sin TTx 

properties. 

We saw also in Ex. xxxvii. 7 that the types of discontinuity 
which occur most commonly, when we are dealing with the very 
simplest functions, such as polynomials or rational or trigono- 
metrical functions, are associated with a relation of the type 

0(x)-^-h CO 

or 0(x)-^ — 00 . In all these cases, as in such cases as those con- 
sidered above, there is no derivative for certain special values of x. 



Fig. 36 

Thus all discontinuities of a function 0(x) are also discontinuities 
of its derivative ^'(x). But the converse is not true, as we may 
easily see if we return to the geometrical point of view of § 111 
and consider the special case, hitherto left aside, in which the 
graph of 0(x) has a tangent parallel to OY , This case may be 
sub-divided into a number of cases, of which the most typical are 
shown in Eig. 36. In cases (c) and (d) the function is two valued 
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on one side of P and not defined on the other. In such cases we 
may consider the two sets of values of which occur on one 
side of P or the other, as defining distinct functions (piix) and 
962(0;), the upper part of the curve corresponding to 961(0;). 

The reader will easily convince himself that in (a) 

{9^(0; ^{x)}lh -> + cx), 

as 0, and in {b) 

{96(0; + A) - (f>{x)}lh - 00; 

while in (c) 

{<f>i(x -f A) - (f>i(x)}lh -> 4- CO, {<f>2{x + A) - 962(o:)}/A - 00, 

and in (d) 

{961(0; + A) - (f>i{x)}lh - 00, {962(x + A) - (f)2{x)}lh -> + 00, 

though of course in (c) only positive and in (d) only negative 
values of A can be considered, a fact which by itself would preclude 
the existence of a derivative. 

We can obtain examples of these four cases by considering the 
functions defined by the equations 

(a)y 3 = x, {b)y^ = -fc, (c) = x, (d) 1/ = -x, 

the special value of x under consideration being x = 0. 


114 . Some general rules for differentiation. Through- 
out the theorems which follow we assume that the functions /(x) 
and F{x) have derivatives /'(x) and F'(x) for the values of x 
considered. 


(1) If <j){x) = /(x) 4- F(x), then (j)[x) has a derivative 

(2) // 96(x) = A/(x), where k is a constant, then 96(x) has a deri- 
<P'{x) = kf\x). 


vative 


We leave it as an exercise to the reader to deduce these results 
from the general theorems stated in Ex. xxxv. 1. 

(3) If <p{x) = f(x) F(x), then (f)(x) has a derivative 
= f{x) F'(x) +f'{x) F(x). 



113, 114] 
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. lirn [ f(x + h) 

= f{x) F'(x) + F(x)r{x). 


(4) If (p{x) = andf(x) 4= 0, then ^(x) has a derivative 

{/(X)}»- 

For f,'ix) = lim - 

h[f(x + h)f(x)i {/(x)p- 

f(x\ 

(^) U F(3:) 4= 0, then <j)(x) has a derivative 

^U._r(x)F(x)-f(x)F'(x) 

^ - {F(:r)p“ 

This follows at once from (3) and (4). 


(6) If <p{x) = F{f(x)}, then <J)(x) has a derivative 
^'{x) = F'{f(x)}f'(x). 

The proof of this theorem requires a little care’’*. 

We write f(x) = y,J{x + h) = y + h, so that A: -> 0 when 0 and 

klh^f\x) ( 1 ). 

We must now distinguish two cases. 

(a) Suppose that /'(x) 4= 0, and that h is small, but not zero. 
Then A: 4=0, because of (1), and 

<f>{x + h)-(l>{x) ^ l{y_±]±zliy}^^ F'(y)f'i^x). 
h k h 


(b) Suppose that f'{x) = 0, and that h is small, but not zero. 
There are now two possibilities. If A: = 0,t then 
^(x + /0-^(3:) ^ ^ 


• The proofs in many text-books (and in the first three editions of this book) are 
inaccurate. See a note by Prof. II, S. Carslaw in vol. xxix of the Bulletin of the 
American MaLhematical Society. 

t The fallacy in the inaccurate proofs Ues in overlooking this possibility. 
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If 4= 0, then 

<j){x + h)-<f)(x) ^ F{y + k)-F(y) k 
h k h* 


The first factor is nearly F\y), and the second is small, because 
klh 0. Hence {</>{x -h A) — (f>(x)}lh is small in any case, and 


<f){x + h) — <f)(x) 
h 


^ 0 = F'(y)f'{x). 


Our last theorem requires a few words of preliminary explana- 
tion. Suppose that x = where is continuous and 

steadily increasing (or decreasing), in the stricter sense of § 95, in 
a certain interval of values of y. Then we may write y = (/){x), 
where <p is the ‘inverse’ function (§ 1 10) of ijr. 


(7) If y = where (/> is the inverse function of so that 

X = \lf{y), and ^{y) has a derivative ^'(y) which is not equal to ze'^o, 
then (p{x) has a derivative 


fix) 



For if f){x + h) = y + k, then A: 0 as A 0, and 

- lim . lim , <=' + ^7, ' 

h-,0 {x-^h)-x k-^o^{y-i-k)-^(y) 



115. Derivatives of complex functions. So far we have 
supposed that y = <p{x) is a, real function of x. If y is a complex 
function <p{x) + i^(x), then we define the derivative of y as being 
(l)\x) + ixlr\x). The reader will have no diflBculty in seeing that 
Theorems (l)-(5) above retain their vahdity when 0(x) is com- 
plex. Theorems (6) and (7) have also analogues for complex 
functions, but these depend upon the general notion of a ‘function 
of a complex variable’, a notion which we have encountered at 
present only in a few particular cases. 

116. The notation of the differential calculus. We have 
already explained that what we call a derivative is often called a 
differential coefficient. Not only a different name but a different 
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notation is often used; the derivative of the function y = 0(x) 
is often denoted by one or other of the expressions 

dy 

dx' 


DxV, 


Of these the last is the most usual and convenient: the reader 
must however be careful to remember that dyjdx does not mean 
‘a certain number dy divided by another number dx': it means 
'the result of a certain operation or djdx applied to y = (^{x) \ 
the operation being that of forming the quotient {^(a: -}- h) - (^{x)}lh 
and making 0. 

Of course a notation at first sight so peculiar would not have been 
adopted without some reason, and tlie reason was as follows. The denomin- 
ator h of the fraction {^(x -I- h) — <^{x)}lh is the difference of the values x-\-h, 
X of the independent variable x; similarly the numerator is the difference 
of the corresponding values (p{x-^h), (p{x) of the dependent variable y. 
These differences may bo called the increments of x and y respectively, and 
denoted by dx and dy. Then the fraction is dyjdx, and it is for many 
purposes convenient to denote the limit of the fraction, which is the same 
thing 03 ({)'(x), by dyjdx. But this notation must for the present be regarded 
as purely symbolical. The dy and dx which occur in it cannot be separated, 
and standing by themselves they would mean nothing: in particular dy 
and dx do not mean lim and lim(5x, these limits being botli zero. The 
reader will have to become familiar with this notation, but so long as it 
puzzles him he can avoid it by writing the differential coefficient in the 
form D^y, or using the notation (j){x), os we have done in the 

preceding sections of this chapter. 

In Ch. VII, however, we shall show how^ it is possible to define the 
symbols dx and dy in such a way that they have an independent meaning 
and that the derivative dyjdx is actually their quotient. 


The theorems of § 1 14 may of course at once be translated into 
this notation. They may be stated as follows; 


( 1 ) ’/y = 2/1 + 2/2. 


dy ^ dyi ^dy^. 

dx dx dx ’ 


( 2 ) ify = ky^, then 


( 3 ) if y ■■= then 


dx dx ' 


dy _ dy. 
dx dx 


+ '/2 


dyi. 

dx’ 
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( 5 ) 1/ 2 / = 


— , then 

Vi 

II 

1 iyi. 
y\dx ’ 

— , then 

2/2 

Si 

II 

/ dt/i 


Vi 


i}h 

dx 


)A’' 


( 6 ) if y is a function of x, and z a function of y, then 


dz dzdy 
dx dy dx ’ 



Examples XL. 


1 . If ?/ = 2/it/a2/a» then 
dy 
dx 


<^U\ , dyt , rfyj 
Vi y» y: + 2/« !/i + y 1 3/2 - - ; 


dx 


and if 3/ = 3/i3/, . . . 3/„, then 


dy 

dx 


n 

V 

r -1 


!/l2/2---!/r-l?/r+l. -^/n 


dPr 
dx ’ 


In particular, if y = 2", then dyjdx = nz^~^{dzldx); and if y = x", then 
dyjdx = as was proved otherwise in Ex. xxxrx. 3 . 


2. If y = y2y,...y„, then 

ydj: y^dx yt dx y„dx‘ 

1 dy n dz 

In particular, if y = 2”, then - - - = - . 

ydx zdx 


117. Standard forms. We shall now investigate more 
systematically the forms of the derivatives of a few of the simplest 
types of functions. 

A. Polynomials. If </){x) = aQX^-\-a^z '^~^+ then 
(^'(x) = naQX^-^ + (71- l)a^x^^-^-\- 

It is sometimes more convenient to use for the standard form of a 
polynomial of degree n in x w^hat is known as the binomial form, 
viz. 

(1) + (2) + • ■ . + a*. 
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In tills case 

5 i'(x) = n|aoa:»-i + |” j ^ j ^ +«n-i| • 

The binomial form of ^(o:) is often ^vritten symbolically as 

(ao,ai, 1)^; 

and then 

We shall see later that ^(x) can alwa 3 ^s be expressed as the 
product of n factors in the form 

(p{x) = a^{x -ct^)(x-a^) ...(x- a„), 
where the a’s are real or complex numbers. Then 
^'{x) = aoE{x-a^){x-x.^) ...{x-x^), 
the notation impl^dng that we form all j)ossible products of n — 1 
factors, and add them all together. This form of the result holds 
even if several of the numbers a are equal ; but of course then some 
of the terms on the right-hand side are repeated. The reader will 
easily verify that if 

<j)[x) = ao( 2 :-a,)™x(a:-aj)’"«... (x-aj’"', 

then = cfo — {x — ...{x — a 

Examples XLI. 1. Show that if ^(ar) is a polynomial then ^'(x) is 
the coellicient of h in the expansion of /i) in powers of h. 

2. If 0(x) is divisible by (x — a)®, then is divisible by x — a: and 

generally, if (/){x) is divisible by {x — oc)^, then <i>'{x) is divisible by {x — 

3. Conversely, if (p{x) and (f>'{x) are both divisible by x — a, then (/){x) is 
divisible by (x — a)®; and if 0(x) is divisible by x — a and (/)'{x) by (x — a)"*-*b 
then 0(x) is divisible by (x — a)"*. 

4. Show how to determine as completely as possible the multiple roots 
of P{x) = 0, whore P{x) is a polynomial, with their degrees of multiplicity, 
by means of the elementary algebraical operations. 

[If is the highest common factor of P and P\ the highest common 
factor of and P", 11^ that of and P’" , and so on, then the roots of 
= 0 are the double roots of P = 0, the roots of H ^ = 0 the 

treble roots, and so on. But it may not be possible to complete the solution 
of = = .... Thus if P{x) = [x-\)^ {x^ -x-l)\ 

then = x®-x-7 and HJIJIIl = x- 1; and we cannot solve 

the first equation.] 



222 DERIVATIVES AND INTEGRALS [Vl 

5. Find all the roots, with their degrees of multiplicity, of 

lla;-6 = 0, x^ + 2x^-Sx^-\^^+llx^ + 2Sx+l2 = 0. 

6. If ax^-^2bx + c has a double root, i.e. is of the form a(x — a)*, then 
2{ax + b) must be divisible by x — a, so that a = — b/a. This value of x must 
satisfy ax^-\-2bx + c = 0. Verify that the condition thus arrived at is 
oc — 6* = 0. 

7. The equation l/{x — a)+ll(x~b)-\-\l{x — c) = 0 can have a pair of 

equal roots only if a = 6 = c. {Math. Trip. 1905) 

8. Show that ax^ + 86 -f 3c:r + d = 0 

has a double root if = 0, where 11 = ac — 6^, G = a^d — 3a6c + 261 

[Put ax-\-b = y. when the equation reduces to 3Hy-\- 0 = 0. Tliis 
must have a root in common with y^ + H = 0.] 

9. The reader may verify that if a, /?, y, S are the roots of 

ax* + 4:bx^ + 6ca:^ + 4da: + e = 0, 
then the equation whose roots are 

,'.,a((a - /?) (y-S)-(y- a) (P - fi)}, 

and two similar expressions formed by permuting a, /?, y cyclically, is 

= 0 , 

where ^2 = ac — 46d + 3c*, r/j = acc + 26cd — ad* — e6* — c*. 

It is clear that if two of a, y, S are equal then two of the roots of this 
cubic will be equal. Using the result of Ex. 8 we deduce that g\ — 21 gl = 0. 

10. Rolle’s theorem for polynomials. If ^(x) is any polynomial, 
then between any pair of roots of f>(x) = 0 lies a root of 0'(x) = 0. 

A proof of this theorem applying to more general functions will bo 
given later. The following is an algebraical proof valid for polynomials 
only. We suppose that a, § are two successive roots, repeated respectively 
m and n times, so that 

(p{x) = (x — a)"" (x — y?)" 0(x), 

where ^(x) is a polynomial which has the same sign, say the positive sign, 
for a ^ X ^ Then 

0'(x) = (x — a)”’(x— /y)"d'(x) + {m(x— a)”*-^(x-y?)" + n(x-a)”'(x— /^)"-^}d(x) 
= (x — (x — [(x — a) (x — p) 6'(x) + {m{x — p) + n(x — a)} 0(x)'] 

= (x — a)^-^ (x — F(x), 

say. Now F{a) = m{ 0 L~ p) 0{cc) and F{P) = n{P — a) 0{p)y which have 
opposite signs. Hence F{x), and so <p'(x), vanishes for some value of x 
between a and p. 
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117, 118] 

118. B. Rational functions. If 

RM = 

^ ^ Q(xy 

whore P and Q are polynomials, it follows at once from § 114 (6) 
that 


Il'{x) = 


P'{x)Q{x)~P{x)Q\z) 


and this formula enables us to write down the derivative of any 
rational function. The form in which we obtain it, however, may 
or may not be the simplest possible. It will be the simplest pos- 
sible if Q(x) and Q'{x) have no common factor, i.e. if ^( 2 ;) has no 
repeated factor. But if Q{x) has a repeated factor, then the expres- 
sion which we obtain for R\x) will be capable of further reduction. 

It is very often convenient, in differentiating a rational func- 
tion, to employ the method of partial fractions. We shall suppose 
that as in § 1 17, is expressed in the form 

Then it is proved in treatises on algebra* that R{x) can be 
expressed in the form 

./I 1 1 -^1 2 "^1 t71 

n{x) + + • •• + 7 -- - 


X — (X 

A 


I ^ , 2,2 L , " i.T/ti , 

“1 '/ / 

X-~a2 (x — OC^y {X — 0C2)^^ 

where n{x) is a polynomial; i.e. as the sum of a polynomial and 
the sum of a number of terms of the type 

A 

{x-aY* 

where a is a root of Q(x) = 0. We know already how to find the 
derivative of the polynomial : and it follows at once from Theorem 
(4) of § 114, or, if a is complex, from its extension indicated in 
§ 115, that the derivative of the rational function last written is 

pA{x- pA 

(x-ayp (a; — 

• See, e.g., Chrystal’B Algebra, 2nd edition, vol. i. pp. 151 ei seq. 


(x-a^)" 
A, 


^ 2,vii 
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We are now able to write down the derivative of the general 
rational function R{x), in the form 

n'lx) _ _ ^ 2.1 _ ^^ 2.2 _ 

(a;-ai )2 {x-OL^f 

Incidentally we have proved that the derivative of is 
for all integral values of m positive or negative^ except when m is 
negative and x = 0. 

The method explained in this section is particularly useful 
when we have to differentiate a rational function several times 
(see Exs. xlv). 

Examples XLII. 1. Prove that 


(--) 

l-x^ d ^ 


1 - 

Vl + xV 

(1+x^)** dx^ 

\ 1 + / 

(lAx^)'^ 


2. Prove that 

d / ax^-{'2hx-^c \ _ ^(ax-{-h){Bx-\- C) — (hx-\-c)(Ax-^ B) 
dx \Ax^T2Bx-\-c) - * 

3. If Q has a factor (x^ol)^, then the denominator of R' (when is 
reduced to its lowest terms) is divisible by {x — a)^-^^ but by no higher 
power of X — a. 

4. In no case can the denominator of R' have a simple factor x — a. 
Hence a rational function whose denominator contains a simple factor 
cannot be the derivative of a rational function. For example, 1/x is not 
the derivative of a rational function. 

119. C. Algebraical functions. The results of the pre- 
ceding sections, together with Theorem (6) of § 114, enable us to 
obtain the derivative of any explicit algebraical function. 

The most important such function is z^y where m is a rational 
number. We have seen already (§118) that the derivative of this 
function is mx^~^ when m is an integer positive or negative; and 
we shall now prove that this result is true (provided that x #= 0) 
for all rational values of m. Suppose that y = where p 

and q are integers and q positive; and let 2 = so that z = 
and y = Then 
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This result may also be deduced as a corollary from Ex. xxxvi. 
3. For, if ^(x) = x"*, we have 


^'(x) = lim 
*-►0 


(x-hh)’^ — x^ — . 

Y- = hm = mx^~^, 

h ^-x 


It is clear that the more general formula 


— (ax -I- 6)”* = ma(ax + 

holds also for all rational values of m. 

The differentiation of implicit algebraical functions involves 
certain theoretical difficulties to which we shall return in Ch. VII. 
But there is no practical difficulty in the actual calculation of the 
derivative of such a function: the method to bo adopted will be 
illustrated sufficiently by an example. Suy3pos6 that y is given by 
the equation -^y^— "Mixy = 0. 


Differentiating with respect to x, we find 
x^ + y 

and so 




dx 


dy x^ — ay 

dx ?/“ — ax ’ 


Examples XLIII. 1. Find the derivatives of 
//H-x\ //ax-\-b\ / / ax^ + 2bx c \ 

y/ Vi“^ y ' V Vex^-^dJ* V \Ax^T2BxTc) * 


{ax-\-b)^ {cx-\-d)^. 


2. Prove that 

± 1 ^ 1 . 

dxQ{a^ + x^)\ {a^ + x^)i' dx (a^-x'^)*' 

3. Find the differential coefficient of y when 

(i) ax^+2hxy-\-by^ + 2gx + 2fy^c = 0, (ii) - bax^y^ z= 0. 


120. D. Transcendental functions. We have already 
proved (Ex. xxxrx. 4) that 

sin X = cos x, cos x = - sin x. 

By means of Theorems (4) and (5) of §114, the reader will 
easily verify that 

D, tan X = sec^ x, cot x = - cosec^ x, 

Dg sec X = tan x sec x, cosec x = — cot x coseo x. 


H P M 


15 
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And by means of Theorem (7) we can determine the derivatives 
of the inverse trigonometrical functions. The reader should verify 
the following formulae: 


Z), arc sin a: = 4- 


Zi. arc tana: = 




ZL arc sec x = ±- 




Z). arc cos x = T 


Z),arc cot a: = 


ZI arc cosec a: = + 


1 

1 


In the first formula the ambiguous sign is the same as that of 
cos (arc sin x), in the second the same as that of sin (arc cos x). 
In the last two formulae the signs are those of tan (arc sec x) 
and cot (arc cosec x). 

The more general formulae 

arc sin (x/a) = ± , A arc tan (x/a) = , 

which are easily deduced from Theorems (6) and (7) of §114, 
are also of considerable importance. In the first of them the 
ambiguous sign is the same as that of a cos {arc sin (x/a)}, since 
a^{l-(x^/a^)} = ±^J(a^-x^) 
according as a is positive or negative. 

Finally, by means of Theorem (6) of § 1 14, we can differentiate 
composite functions involving symbols both of algebraical and 
trigonometrical functionality, and so write down the derivative 
of any such function as occurs in the following examples. 
Examples XLIV*. 1. Find the derivatives of 

cos”*x, sin"*x, cosx”*, sinx”*, cos (sin x), sin (cos x), 

o o T. • o V cos X sin X 

w(a" cos^ X + o* sin^ x), — , 

^ {a^ cos^ X + 6^ sin^ x) 

X arc sin x + ^( 1 — x^), ( 1 4- arc tan y/x — yjx. 

2. Differentiate 

. .vJt . • cosx a + 6cosx 

arosm (1 — X*)', ton arc sin x, arc tan ; — , arc tan . 


1+sinx 6 4- a cosx 

{Math. Trip. 1926, 1929, 1930) 

• In these oxamplea m is rational and a, 6, a, /9, ... have such values that the 
functions which involve them are real. An ambiguous sign is sometimes omitted. 
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3. Differentiate 

f a + x \ 

arc 8in X + arc cos T, arc tan x + arc cot x, arc tan ) 

\ 1 - ax/ 

and explain the simplicity of the results. 

4. Differentiate 
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1 


ax + b 


1 ax -|- 6 

— arc tan , — — - — - arc sin , 

yj{ac — b-) yj{ac — b'^) \/(“^) ^{b^ — ac) 


5. Show that each of the functions 

//^-A 


2 arc sin . / ( — | , 2 arc Ian 

V V \a-x 


arc sm 

a-fi 


has the dcrivativ^e 
6. Prove tliat 


1 


V{(a-a-)(x-/)))* 


/ ,Qm:\0 \ _ /( 3 \ 

dO \C(>s''iWj V '\Cos cos I!.') ' * 

Trip. 1904) 

7. Show that 


1 d r 

arc cos 

— aC)} dx _ 


j \ f’ia.r^ + c) II __ 

v lc(.4x^+C)i J “ (v 


1 


8. Each of the functions 

1 /a co.^ X + 6 \ 2 

— arc cos — 1 . ~ — 

^{^q} — b^) ^ a-\-b cos x — 6“) 

has the derivative 1 /(a ~h b cos x), 

9. If X = a + b cos X + c sin x, and 


.4x2 ^ ^(ax^ + c)* 

f / /a-h\ 

[ 




1 


aX — a2-i-6* + r* 


V = arc cos 

^ ^/(a2-62-c2) .YV(62 + c2) 

then dyjdx = 1/X. 

10. Prove that the derivative of F[j{(l)[x))] is 

and extend the result to still more complicated cases. 

11. If u and V are functions of x, then 

u vD^u — uD^v 

arc tan - = ---- - — . 

V u^ + v^ 


12. The derivative of y = (tanx + soex)'" is my see x, 

1 3. The derivative of y = cos x + 1 sin x is iy. 


i3-a 
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14. Differentiate xcoax, (amx)/x. Show that the values of x for which 
the tangents to the curves y = xcosxy y = (sina;)/ 2 : are parallel to the 
axis of X are roots of cot a: = x, tanx = x respectively. 

16. It is easy to see (cf. Ex. xvii. 6) that the equation sin x = ax, where 
a is positive, has no real roots except x = 0 if 1, and a finite number of 
roots, which increases os a diminishes, if a< 1. Prove that the values of a 
for which the number of roots changes are the values of cos J, where £ is 
a positive root of the equation tan^ = [The values required are the 
values of a for which y — ax touches y = sinx.] 

16. If 0(x) = x*sm(l/x) when xf^O, and ^(0) = 0, then 

^'(x) = 2xsin (1/x) — cos (1/x) 

when x=^0, and ^'(0) = 0. And <i>'[x) is discontinuous for x = 0 (cf. § 112, 

( 2 )). 

17. Find the equations of the tangent and normal at the point (xq, y^ 

of the circle x^ -f reduce them to the forms xxq + yy^ — 

and xy^-yxQ = 0. 

18. Find the equations of the tangent and normal at any point of the 
ellipse (x/a)* (y/6)’* = 1 and the hyperbola (xla)'^ — {yjb)^ = 1. 

19. The equations of the tangent and normal to the curve x = 
y — at the point whose parameter is t, are 

x — Sit) v — fj/'it) 

+ {2/“ v^(0} = 0. 

9 (0 Y (^) 


121. Repeated differentiation. We may form a new 
function from (l)\x) just as we formed from (j){x). This 

function is called the second derivative or second differential 
coefficient of (f>{x). The second derivative of y = (p{x) may also be 
written in any of the forms 


Dly, 



dx^‘ 


In the same way we may define the nth derivative or nth differ- 
ential coefficient of y = <}>{x), which may be written in any of the 
forms 


<j)^”-\x), D”y, 


(Ih 


d^y 

dx^' 


But it is only in a few cases that it is easy to write down a general 
formula for the nth differential coefficient of a given function. 
Some of these cases will be found in the examples which follow. 



229 


120, 121] DERIVATIVES AND INTEGRALS 
Examples XLV. 1. If (f>{x) = x”*, then 

= m(m— 1) ... (m-n-l- 
This result enables us to write down the nth derivative of any polynomiEil. 

2. If <^{x) = (ox + b)"*, then 

= m{m— 1) ... (m — n+ 1 ) a"(aa: + 

In these two examples m may have any rational value. If m is a positive 
integer, and n>m, then <j)'^^\x) = 0. 

3. The formula 

/ ^ ^ _ /_ + 

\dx) {x — ay (x — 

enables us to write down the nth derivative of any rational function 
oxpre.ssed in the standard form as a sum of partial fractions. 

4. Prove tliat the nth derivative of 1/(1 — is 

i(n!){(l + 1)^(1 

6. Fmd the nth derivatives of 

X 4- 1 x*' ix 

- 4 * {x- \ ) {x -2) * 1)2 (7 t • 

{Math, Trip. 1930, 1933, 1934) 

/ d \ " x® 

G. Show that the value of f - 

\dx/ ar*— 1 

for a: = 0 is 0 if n ia even and — n ! if n is odd and greater than 1. 

{Math. Trip. 1935) 

7. Leibniz’s theorem. If ?/ is a product uv, and wo can form the 
first n derivatives of u and v, then w'o can form the Titli derivative of y by 
means of Leibniz's theorem^ wdiich gives the rule 

fn\ /n\ (U , 

(uv), = U„U + (^ J U„_, t>, + (^ 2 j ^ j «n-r’'r + • • ■ + 

whore siiflixe.s indicate differentiations, so that n„, for exomj)lo, denotes 
the nth derivative of u. To prove the theorem we ob.sorve that 

{iiv)2 = 1 / 2 ^+ 2 ^ 1 ^! + 

and so on. It is obvious that by repeating this proce.s.s we arrive at a 
formula of the typo 

{uv)^ = T a„.i + . . . + a„ ?;,+ ...+ uv^. 

Let us assume that for r = 1, 2, ..., n — 1, and show that if this 
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is so then CLn-^Ur 


for r= 1, 2, n. It will then follow by the 


principle of mathematical induction that values of n and 


r in question. 

When we form (uv)n-^.l by differentiating {uv)^, it is clear that the 
coefficient of is 

/n\ f n \ /n+I\ 

= (rj + ir-J = l, r J' 

This establishes the theorem. 

8. The nth derivative of x^f{x) is 

m ! ml 

x^-^f(x) + n — x^-^+^f'(x) 

(m-n)l ^ (m-n+1)! ^ ^ 

n(n— 1) ml . . v 

-h— 

1.2 (m-n + 2)! ^ ' 

the series being continued for n + 1 terms or until it terminates. 

9. Prove that cos x = cos (x + inn), sin x = sin (x + inn). 

10. Find the nth derivatives of 

cos^xsinx, cos X cos 2x cos 3x, x^cosx. 

(Math. Trip. 1925, 1930, 1934) 

11. lfy = A cos mx + B sin mx, then Dly + m^y = 0. And if 

y = A cosmx 4- B sin mx + Pni^)* 

where P„(x) is a polynomial of degree n, then D^^^y + m^Dl^^y = 0. 

12. If x2i)^2/ + ^^a: 2 / + 2 / = 0, then 

xW:+‘^y-\-{2n+l)xD:^^y-\-{n^+l)Dly = 0. 

[Differentiate n times by Leibniz’s theorem.] 

13. If U„ denotes the nth derivative of (I/X + ikf)/(x* — 25x+ C), then 

x^-2Bx-\-C 2{x-B)^^ 

(n+i)(n+2)^"+*‘^ n+1 

(Math. Trip. 1900) 

[First obtain the equation when n = 0 ; then differentiate n times by 
Leibniz’s theorem.] 

14. Show that if u = arc tan x then 

^ (Bu du 

and hence determine the values of all the derivatives of it for x = 0. 

(Maih. Trip. 1931) 



231 


121, 122] DERIVATIVES AND INTEGRALS 

15. The nth derivatives of al(a^-\-x^) and Since 

1_\ 3^ - V ^ 1 \ 

+ 2i\x-ai x + ai/* + ~ 2 Vx-ai'^x-f ai/ 

we have 

.. A =. / L__ L_l 

^\a^-^x^J 2i l(x — ( 2 : -f " 

and a similar formula for Dl{x/{a^ i- x^)}. If p = ^/(x^ + o^), and 6 is the 
numerically smallest angle whoso cosine and sine are xjp and a//o, then 
x-{-ai = p Cis 0 and x — ai = p Cis { — 0), and so 

-D"— = i(- 1 )"~^n !?>-"-! [Cis {(n + 1) (9)- Cis {- (n+ 1)^}] 

= ( — 1)" n !(x- + a^)"*^"+^^sin {(n + 1) arc tan (a/x)j. 

Similarly 

— 2 ~ ( “ 1)" ^ !(x* + a*)~h»>+i)co3 {(n+ 1) arc tan (a/x)}. 

10. Prove that 
cos X 

Dl = {P„ cos (x + \mT) + Qn sin (x + inn)] 

X 

sin X 

Dl = {P„ sin (x + inn) — cos (x + inn)} 2 ;-"-^ 

X 

where P„ and Q„ are polynomials in x of degree n and n — 1 respectively. 
17. Establish the formulae 

_ /f^y\ /(^y\ — - ^y ^^(^'^y\\ ! (^y\^ 

/ \dx)* dy^ dx^j \dx) * dy^ \dx^ dx \dx^) ]/ \dx) 

122. Some general theorems concerning derived func- 
tions. In what follows the distinction between a ‘closed’ and 
an ‘ open ’ interval will often be important. A closed interval (a, h) 
is the set of x for which a^x^b. An open interval is the set for 
which a<x<b (i.e. the closed interval minus its end points)*. 

We shall be concerned with functions continuous in the closed 
interval (a, 6) and differentiable in the open interval (a, 6). In 
other words we shall assume that our function (j){x) satisfies the 
following conditions: 

( 1 ) ({){x)\s continuous for a ^ a: g 6, continuity at the end points 

• might define a half -closed interval by inequalities a<x or a^x<bt 
but we shall not use the phrase. 
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of the interval being understood in the sense explained at the 
end of § 99; 

(2) (p'ix) exists for every x for which a<x<b. 

It may seem odd to use the closed interval in one condition and the 
open one in the other, but we shall find the distinction important. It is 
plain that, if we know nothing of (j)(x) outside (a, 6), we cannot extend 
condition (2) to cover the end points without new derinitions. 

We begin by a theorem concerning a particular value of x. 

Theorem A. // > 0 then (f>{x) < ^(xq) for all values of x 

less tlian but sufficiently near to Xq, and (p(x) > (flxf) for all values 
of x greater than Xq but sufficiently near to Xq. 

For {f){xQ + h)-f){XQ)}lh converges to a positive limit f>'{xQ) as 
h-^0. This can only bo the case if ~ ^i^o) 

the same sign for sufficiently small values of h, and this is what 
the theorem states. Of course from a geometrical point of view 
the result is intuitive, the inequahty (f>'(x) > 0 expressing the fact 
that the tangent to the curve y = (l){x) makes a positive acute 
angle with the axis of x. The reader can formulate for himself 
the corresponding theorem for the case in which 0'(x) < 0. 

We shall express the conclusion of Theorem A by saying that 
(}){x) is strictly increasing at x = Xq* 

The theorem which follows is generally known as Rolle’s 
theorem, and is particularly important. 

Theorem B. If (f)(x) is continuous in the closed, and differen- 
tiable in the open, interval, and its values at the end points a, b are 
equal, then there is a point of the open interval at which (ffx) = 0. 

We may suppose that 

0(a) = 0, (f{b) = 0; 

if <j)[a) = 6[b) = Ic, and k =h 0, we consider i instead of 0(^)- 

There are two possibihties. If 0(x) = 0 throughout (a, b), then 
0 {x) = 0 for a < a: < 6, and there is nothing to prove. 

If on the other hand (l){x) is not always zero, there are values of 
x for which it is positive or negative. Suppose, for example, that 
* Compare Ex. 19 on p. 208. 
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it is sometimes positive. Then <p{x) has an upper bound M in 
(a, 6), and <f){x) = M for some ^ of (a, 6), by Theorem 2 of § 103; 
and it is plain that ^ is not a or 6. If ^'(^) were positive or negative, 
there would, by Theorem A, be values of x near ^ (on one side or 
the other) at which (j){x) > My in contradiction to the definition 
of if. Hence = 0. 

Cor. 1. If (j){x) is continuous in the closedy and differentiable in 
the openy interval y and (f)'{x)> 0 for every x of the open interval y then 
<f>{x) is an increasing function of x throughout the intervaly in the 
stricter sense o/ § 95. 

We have to prove that (f){xf)<<f)(x 2 ) for a^Xi<X 2 ^b. We 
suppose first that a <x^<X 2 <b. 

If (l)[xf) = (fixf) then, by Theorem B, there is an x between 
and x^ for which p(;x) = 0, in contradiction to our assumptions. 

If i{xf) > (^{xfj then, by Theorem A, there is an x^ near to and 
greater than x^ for which <f){x^) > (f>{x^) > (^{xf ) ; and therefore, after 
§ 101, an .T4 between x^ and x^ for which (fixf) = (l>{xf)\ and there- 
fore, by Theorem B, an x between x^ and x^ for which (p\x) = 0, 
again in contradiction to our assumptions. 

It follows that (I>{xf)<(j){x 2 ). 

It remains to extend the inequafity to the cases in which x-y = a 
or Xg - 6. It follows from what we have proved that 

4)(x) < (j)(x') 

a<x <x' <bym that ^[x) decreases strictly as x approaches a 
from the right. Hence 

(j)(a) = lim (l){x) <(l)[x'). 

x->-a+0 

Similarly (}){x') < ^^(5). 

Cor. 2. If (})'(x) > 0 throughout the interval (a, 6), and <f){a) ^ 0, 
then (f){x) is positive throughout the interval (a, 5). 

The reader should compare the first of these corollaries very carefully 
with Theorem A. If, as in Theorem A, we assume only that 0'(x) is positive 
at a single point x = Xq, then we can prove that when x^ and 

X, are sufficiently near to Xq and Xi<Xo<x,. For <l>{x-^) <<t){xQ) and 
0(xg) > 0(xo), by Theorem A. But this does not prove that there is any 
interveJ including Xq throughout wliich ^(x) is a steadily increasing 
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function, for the assumption that Xj and X2 lie on opposite sides of Xq is 
essential to our conclusion. We shall return to this point, and illustrate it 
by an actual example, in a moment (§ 125). 

123. Maxima and minima. We shall say that the value 
assumed by ^(x) when x = ^ is a, maximum if 0(^) is greater 
than any other value assumed by (j){x) in the immediate neigh- 
bourhood of a: = ^, i.e. if we can find an interval (^ — 6, of 

values of x such that (l){^)>(j){x) when ^ — e<x<^ and when 



Fig. 37 


^ ^ and we define a minimum in a similar manner. Thus 

in the figure the points A correspond to maxima, the points B to 
minima of the function whose graph is there shown. It is to be 
observed that the fact that A.^ corresponds to a maximum and 
to a minimum is in no way inconsistent with the fact that the 
value of the function is greater at B^ than at A^. 

Theorem C. A necessary condition for a maximum or 
minimum value of a differentiable function f)[x) at x = ^ is that 

= 0. 

This follows at once from Theorem A. That the condition is not 
sufficient is evident from a glance at the point C in the figure. 
Thus ify = x^ then <f>'(x) = Sx^, which vanishes when x = 0. But 
X = 0 does not give either a maximum or a minimum of as is 
obvious from the form of the graph of (Fig. 10, p. 47). 

But there will certainly be a maximum at x = ^ = 0, 

(/>'{x) > 0 for all values of x less than but near to and (f>'{x) < 0 for 
all values of x greater than but near to ^ ; and if the signs of these two 
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inequalities are reversed there will certainly be a minimum. For 
then we can (by Cor. 1 of §122) determine an interval (g — e, 
throughout which (f)[x) increases with x, and an interval {^, ^ + e) 
throughout which it decreases as x increases. 

This result may also be stated thus. If the sign of ^'(x) changes 
at X = ^ from positive to negative, then x — ^ gives a maximum 
of (p{x) ; and if the sign of <j>'{x) changes in the opposite sense, then 
X = ^ gives a minimum. 

A maximum, as we have defined it, is a strict maximum; > ;5(a;) 
for all X near We might relax our definition, and require only that 
for all X near With tliis definition, for example, n constant 
would have a maximum (and a minimum) for every value of the variable. 
Theorem C would still be true. 

A maximum or minimum is often called an ‘extremal’ or ‘turning* 
value. 


124. There is another way of stating conditions for a 
maximum or minimum which is often useful. Let us assume that 
({){x) has a second derivative (p^x): this of course does not follow 
from the existence of <^\x), any more than the existence of <f>'(x) 
follows from that of (f){x ) ; but in such cases as we are likely to 
meet with at present the condition is generally satisfied. 

Theorem D. If = 0 and then 0(x) has a 

maximum or minimum at x = a maximum if < 0, a mini- 
mum if 0"(b) > fi- 

Suppose, e.g., that ^"(£)<0. Then, by Theorem A, ^'(x) is 
positive when x is loss than ^ but sufficiently near to and 
negative when x is greater than ^ but sufficiently near to Thus 
X = ^ gives a maximum. 


125. In what has preceded we have assumed that (j)(x) has a derivative 

for aU values of a; in the interval under consideration. If this condition ia 

not fulfilled, the theorems cease to be true. Thus Theorem B fails for 

the function , 

y = 1-V(^ ). 


where the square root is to be taken positive. The graph of this function is 
shown in Fig. 38. Here 95( — 1) = 0(1) = 0: but 0'(x), eis is evident from 
the figure, is equal to 1 if x is negative and to — 1 if x is positive, and never 
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vanishes. There is no derivative for x = 0, and no tangent to the graph 
at P. And in this case x = 0 obviously gives a maximum of ^(x), but the 
test for a maximum fails. 

The bare existence of the derivative 
(j>'(x)y however, is all that wo have 
assumed. Ajid there is one assumption 
in particular that we have not made, 
and that is that <j)'(x) itself is a con- 
tinuous function. This raises an in- 
teresting point. Can a function (j)(x) 
have a derivative for all values of x 
which is not itself continuous ? In other 
words, can a curve have a tangent at every point, and yet the direction of 
the tangent not vary continuously ? Common sense may incline at first to 
the answer No\ but it is not difficult to show that this answer is wrong. 



Consider the function <p{x) defined, when x=|= 0, by the equation 
(j){x) = x^sin (1/x); 

and suppose that ^(0) = 0. Then <f){^x) is continuous for all values of x. 
If X + 0 then 


while 


^'(x) = 2x8in (1/x) — cos ( 1/x); 
h^Bin(llh) 

(j)'{0) = lim = 0. 


Thus (fi'(x) exists for all values of x. But (f)'{x) is discontinuous for x = 0; 
for 2x8in{l/x) tends to 0 as x->0, and cos (1/x) oscillates between the 
limits of indotermination — 1 and 1, so that (j)'{x) oscillates between the 
same limits. 


What is practically the same example enables us also to illustrate the 
point referred to at the end of § 122. Lot 

(p^x) = x^sin ( 1/x) + ax, 

where 0<a< 1, when x4=0, and ^(0) = 0. Then 0'(O) = a>0. Thus the 
conditions of Theorem A of § 122 are satisfied. But if x 0 then 
<l>'{x) = 2xsin (1/x) — cos ( 1/x) H- a, 

which oscillates between the limits of indetermination a — 1 and a + 1 as 
X 0. Since a — 1 < 0, we can find values of x, as near to 0 os we like, for 
which 0'(x)<O; and it is therefore impossible to find any interval, in- 
cluding X = 0, throiighout which 0(x) is a steadily increasing function of x. 

It is, however, impossible that (j)\x) should have what was called in 
Ch. V (Ex. XXXVII. 18) a ‘simple’ discontinuity. If f)'{x) -> a when 
x-> + 0, <f>'(x)-^h when x^ — 0, and ^'(0) = c, then a = b = c, and <p'(x) 
is continuous for x = 0. For a proof see § 126, Ex. xnvn. 6. 
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Examples XLVI. 1. Verify Theorem B when <f>{x) = {x — a)^(x — b)^ 
or = {x — a)^{x — b)" (x — c)^, where m, n, p are positive integers and 
a<b<c. 

[The first function vanishes for x = a and x = b. And 

(^'{x) ~ {x — {x — b)^~^ {{m + n) X — mb — na] 

vanishes for x = {mb -\-na)/{m + n)y which lies between a and b. In the 
second cose we have to verify that the quadratic equation 

(m n p) x^ — {m{b + c) n{c + a) + p{a b)} X mbc nca pab = 0 
has roots between a and 6 and between 6 and c.] 

2. Show that x — sin x is an increasing function throughout any interval 
of values of x, and that tanx — x increases as x increases from — Jtt to ^tt. 
For what values of a is ax — sinx a steadily increasing or decreasing func- 
tion of X? 


3. Show that x/(3inx) increases steadily from x = 0 to x = Jtt. 

{Math. Trip. 1927) 

4. Show that tanx — x increases from x = Jtt to x = '}>Tr, from x = 

to X = .^77, and so on, and deduce that there is one and only one root of the 
equation tanx = x in each of these intervals (cf. Ex. xvii. 4). 


6. Deduce from Ex. 2 that sinx — x<0 if x>0, from this that 
cosx-- 1 + ix’*> 0, and from tliis that sin x — x + Jx^ > 0. And, generally, 
prove that if 


= COSX-l+--...-(-l) 


2m I * 


S 


2m+l 


sinx — X -f — . . 
31 


■ (- 1 )" 


{2m iy!’ 


and X > 0, then Cjm Q-i^d are positive or negative according os m is 

odd or even. 


6. If /(x) and /'^{x) are continuous and have the same sign at every 
point of an interval (a, 6), then this interval can include at most one root 
of either of the equations /(x) = 0,/'(x) = 0. 

7. The f unctions u, v and their derivatives w', v' are continuous through- 
out a certain interval of values of x, and uv' — u'v never vanishes at any 
point of the interval. Show that between any two roots of w = 0 hes one 
of V = 0, and conversely. Verify the theorem when u = cosx, v = sinx. 

[If V does not vanish between two roots of u = 0, say a and y?, then the 
function u/v is continuous tliroughout the interval {oc,fi) and vanishes at 
its extremities. Hence {u/v)' = {u'v — uv')lv^ must vanish between a and 
yff, which contradicts our hypotheses.] 
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8. Find the largest and smallest values of x* — 1 -I- 96a; in the 

interval (0,9). (Math, Trip. 1931) 

9. Discuss the maxima and minima of the function (x — a)^ (x — b)” , 
where m and n are any positive integers, considering the different cases 
which occur according as m and n are odd or even. Sketch the graph of 
the function. 

10. Show that the function (x-l- 6)® (x* — 10) kos a minimum when 

X = 1, and investigate its other turning values. (Math. Trip. 1936) 

11. Show that rr^(4 — 3x*) 

nas just one maximum and just one minimum, and that the difference 
between them is 

4 
9 

What is the least value of this dll’ference for different values of a? 

(Math. Trip. 1933) 

12. Show that (ax -{■ h) ! (cx d) has no maxima or minima, whatever 
values a, 6, c, d may have. Draw a graph of the function. 

13. Discuss the maxima and minima of the function 

y = (ax^ + 2bx + c)l(Ax'^ + 2Bx + C), 
when the denominator has complex roots. 

[We may suppose a and A positive. The derivative vanishes if 

(ax-\-h)(BxAC)--(Ax-\-B)(bx-\-c) — 0 (1). 

This equation must have real roots. For if not the derivative would 
always have the same sign, and this is impossible, since y is continuous for 
all values of x, and y -^ajA as x -> 4- oo or x — oo. It is easy to verify that 
the curve cuts the line y = a/ A in one and only one point, and that it lies 
above this line for large positive values of x, and below it for large negative 
values, or vice versa, according as bla>BIA or bla< B/A. Thus the 
algebraically greater root of ( 1) gives a maximum if 6/a > B/A, a minimum 
in the contrary cose.] 

14. The maximum and minimum values themselves are the values of 
A for which ax®+ 26x-fc — A(/lx^-f 2Z?x+ (7) is a perfect square. [This is 
the condition that y = A should touch the curve.] 

1 6. If Ax^ -}- 2Bx +0 = 0 has real roots, then it is convenient to proceed 
as foUowB. We have 

a 2Ax + fi 

^~A ^ A(Ax» + 2Bx+C)' 
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where A = hA — aB, /i = cA— aC. Writing further f for 2Ax -1- and tj for 
(AI^X*) {Ay — a), we obtain an equation of the form 

V = 

A minimum of i/, considered as a function of x, corresponds to a minimum 
of 7} considered as a function of and vice versa, and similarly for a 
maximum. 


The derivative of rj with respect to £ vanishes if 

{^~v){^-<^)-^{^-p)-^{^-q) = 0 . 

or if = pq. Thus there are two roots of the derivative if p and q have the 
same sign, none if they have opposite signs. In the latter case the form of 
the graph of 77 is as shown in Fig. 39a. 




When p and q are positive the general form of the graph is as shown in 
Fig. 396, and it is easy to see that f = y]{pq) gives a maximum and 
£ = —^(pq) a minimum. 

The preceding discussion fails if A = 0, i.e. if a! A = 6 /B. But in this 
case we have 

y-{alA) = ///{.4(Ax> + 2Bx+C)} = pl{A\x-x^) {x-x^)), 
say, and dyjdx — 0 giv^'es the single value x — ^{x^-\-x^). On drawing a 
graph it becomes clear that this value gives a maximum or minimum 
according as is positive or negative. The graph shown in Fig. 40 corre- 
sponds to the former case. 

16. Show that (x — a) (x — /?)/(x — 7 ) assumes all real values as x varies, 
if y lies between a and P, and otherwise assumes all values except those 
included in an interval of length ^‘J{\ct — y\ \fi — y\). 


17. Show that 


X* + 2x + c 
-f 4x -f 3c 


can assume any real value if 0<c< 1, and draw a graph of the function 
in this case. {Math. Trip. 1910) 


18. The graph of 


y = ; 


ax -\-b 

(x- 1)T^-4) 

has a turning value at the point (2, — 1). Find a and 6, and show that the 
turning value is a maximum. Sketch the curve. {Math, Trip, 1930) 
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19. Determine the function of the form {ax^-\- 2bx-\-c)l{Ax^ + 2Bx-^ C) 
which has turning values 2 and 3 when x = I and x = — I respectively, 
and has the value 2-5 when x = 0. (Math. Trip. 1908) 


20. The maximum and minimum of (x + a) (x-f 6)/(x — a) (x — 6), where 
a and h are positive, are 


/Va+v^y 

/V“-v*y 

VV0-V6/ ’ 

y^a + yjb) 


21. The maximum value of (x— l)®/(x'f 1)® is 

22. Discuss the maxima and minima of 

x(x— 1) x*‘ (x— 1)* (3x* — 2x — 37) 

x» + 3xT3 ' (X- T) (x -1^^ ' ’ 

(Math. Trip. 1898) 

[If the last function be denoted by P(x)IQ(x), it will bo found that 
P'O - PO' = 72(x - 7) (X - 3) (X - 1 ) (x + 1 ) (X + 2) (X + 6).] 


23. Find the maxima and minima of acosx + 6sinx. Verify the result 
by expressing the function in the form A cos (x — a). 

24. Show that sin (x + a)/sin (x + 6) has no maxima or minima. Draw 
a graph of the function. 


26. Show that the function 
sin^ X 


(0 <a <6 <77) 


sin (x + a) sin (x + b) 
has an infinity of minima equal to 0 and of maxima equal to 

sin a sin b 


-4 


sin^ (a — b) 


(Math. Trip. 1909) 


26. The least value of a® sec^ x + 6^ cosec* x is (a 4- 6)*. 

27. Show that tan 3x cot 2x cannot lie between J and f . 


28. Show that the maxima and minima of sin mx cosec x, where m is 
on integer, are giv^en by tan mx = m tan x ; and deduce that 

sin* mx ^ m* sin* X. (Math. Trip. 1926) 

[Observe that 

Bin*mx co8*mx , l4-tan*x . l + tan*x 
Bin*x cos*x l + tan*mx l + 7?rtan*x 

at a maximum or minimum.] 
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29. Find the maxima and minima of the function y defined by 

ay-\-b 

, = sin® X + 2 cos x + 1, 

where od 4:6c. (Math. Trip. 1928) 

30. Show that, if the sum of the lengths of the hypotenuse and 
another side of a right-angled triangle is given, then the area of the triangle 
is a maximum when the angle between those sides is 60°. 

(Math. Trip. 1909) 

31. A line is drawn through a fixed point (a. h) to meet the axes OX, OY 
in P and Q. Show that the minimum values of PQ, OP + OQ, and OP . OQ 
are respectively (al-f 6S)3, (yja-ty/b)^, and 4a6. 

32. A tangent to an ellipse meets the axes in P and Q. Show that the 
least value of PQ is equal to the sum of the semi -axes of the ellipse. 

33. A lane runs at a right angle out of a road 18 feet wide. How many 

feet wide is the lane if it is just possible to carry a pole 46 feet long from 
the road into the lane, keeping it horizontal? (Math. Trip. 1934) 

34. Two points A and B lie on a line on opposite sides of and equi- 

distant from a fixed point 0 of the line; and P is a fixed point not on the 
line. Show that AP BP increases with AB. (Math. Trip. 1934) 

35. Find the lengths and directions of the axes of the conic 

ax® A 2hxy + by^ = 1 . 

[The length r of the semi -diameter which makes an angle ^ with the axis 
of X is given by qq ^2 0^2h cos 0 sin 0 -\-b sin® 0. 

The condition for a maximum or minimum value of r is tan 20 = 2A/ (a — 6) . 
Eliminating 6 between these two equations, we find 
{a-(l/r®)}{6-(l/r®)} = /t®.] 

36. The greatest value of ax + 6y, where x and y are positive and 

x> + xj/ + y> = 3Ar>,i8 2<V(a»-a6 + &»). 

[If ax-\-hy is a maximum, then a-{-b(dyjdx) = 0. The relation between 
X and y gives (2x-t- + 2?/) (dy/dx) = 0. Equate the two values of 
dyfdx.^ 

37. The greatest value of where x and y are positive and x-\-y = fc, 

38. If ^ and <}> are acute angles connected by the relation 

a sec 0 -\-b sec ^ = c, 

where a, b, c are positive, then a cos ^ + 6 cos ^ is a minimum when 0 = <f>. 

i6 


H p u 
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126. The mean value theorem. We can proceed now to 
the proof of another general theorem of great importance, a 
theorem commonly known as Hhe mean value theorem^ or Hhe 
theorem of the mean*. 

Theorem. If (f>{x) is continuous in the closed interval (a, 6), and 

differentiable in the open interval, then there is a value ^of x between 

a and b, such that i/i.\ j/x 

(f>{b)-<f){a) = {b-a)(f)(^). 

Before we give a strict proof of ^ 

this theorem, which is one of 

the most important theorems in y 

the differential calculus, it will y/ 

be well to point out its obvious 

geometrical meaning. This is 

simply that, if the curve APB 

(see Fig. 41) has a tangent at all 

points of its length, then there _| 

must be a point, such as P, where ^ ^ t.. . , ^ ^ 

Fig. 41 

the tangent is parallel to AB. For 

is the tangent of the angle which the tangent at P makes 
with OX, and {(p(b) — (f){a)}/{b — a) the tangent of the angle which 
AB makes with OX. 

It is easy to give a strict proof. Consider the function 
^{b) - ^{x) - {^5(6) - ^{a)}, 

which vanishes when x = a and x = b. It follows from Theorem B 
of § 122 that there is a value £ for which its derivative vanishes. 
But this derivative is 

0 — a 

which proves the theorem. It should be observed again that it has 
not been assumed that ^'(x) is continuous. 

It is often convenient to express the mean value theorem in 
the form ^ ^(a) + (6_a)^'(a + ^(6-a)}, 

where ^ is a number Ipng between 0 and 1. Of course a + dif) — a) 
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is merely another way of writing ‘some number ^ between a and 
b\ If we put 6 = a + /i, we obtain 

<l)[a-\-h) = ([){a)-{-h(l)\a-\-0h), 

which is the form in which the theorem is most often quoted. 


Examples XLVII. 1. Show that 

- (f){x) - — ^ {^(6) - (f>{a)} 
b — a 

is the difference between the ordinates of a point on the curve and the 
corresponding point on the chord. 

2. Verify the theorem when ^(x) = and when (j){x) = x^. 

[In the latter case we have to prove tliat — a’)/(6 — a) = 3^-, where 
a<^<b; i.e. that if ^{b^ + a6 + a^) = then ^ lies between a and b.] 

3. Find the f of tlio mean value theorem when 

J{x) = x(x—l) (x—2), 0=0, t = J. 

{Math. Trip. 1935) 

4. Prove Cor. 1 of § 122 by means of the mean value theorem. Prove 
also that if (^fx)>0 then <l){x) is an increasing function in the weaker 
sense. 


6. Establish the theorem stated at the end of § 125 by moans of the 
mean value theorem. 

[Since ^^(0) = c, we can find a small positive value of x such that 
{(l>{x) — 0(O)}/x is nearly equal to c; and therefore, by the theorem, a small 
positive value of ^ such that is nearly equal to c, wliich is inconsistent 
with lim (p'(x) = o, imless a ~ c. Similarly b = c.] 

6. Use the moan value theorem to prove Theorem (G) of §114, 
assuming that the derivatives wliich occur are continuous. 

[We have 

FU(x + h)]-F{J(x)} = FU(x) + hf'(i)}-F[f(x)} 

--hf'(i) F'(rj), 

where ^ lies between x and x-\-h and 7} between J{x) and/(a:) + V'(£).] 


7. Prove that if 


H h • . . + ' 

n + 1 n 


> = 0 , 


then the equation apa;" + + ... + a„_iX + a„ = 0 has at least one 

root between 0 and 1, (Math. Trip. 1929) 


z6-9 
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127. The mean value theorem gives a proof of a theorem 
fundamental in the theory of integration: if ^'{x) = 0 for all x 
of an interval, then (f{x) is constant in that interval. 

For, if a and b are any two values of x in the interval, then 
(p{b)-<f{a) = (b-a)(f'{a + d{b-a)} = 0. 

An immediate corollary is that if (f>'(x) = ^'(x) in an interval, 
then the functions ^(x) and ^{x) differ in that interval by a 
constant. 


128. Cauchy’s mean value theorem. There is a general- 
isation of the mean value theorem, due to Cauchy, which is of 
considerable importance in applications*. 

If (i) <f){x) and ^{x) are continuous in the closed interval (a, b), and 
differentiable in the open interval-, (ii) ^(6)=f=^(a); and (iii) (}>'{x) 
and '^'(x) never vanish for the same value of x, then there is a ^ 
between a and b for which 

^ £(S) 

r//{b)-ijf(a) 


This reduces to the mean value theorem when rjr{x) = x, in 
which case the subsidiary conditions are satisfied automatically. 

The proof is a straightforward generalisation of that of § 126. 
The function 


vanishes for x = a and for x = b. Hence its derivative vanishes 


for a ^ between a and 6; i.e. 




( l)(b)-(f{a) 

~^(b)-^{a) 




for some such If were zero, 0'(g) would be so also, in 
contradiction to our assumptions. Hence y5r'(^)=|=0, and the 
theorem follows when we divide by 

The assumption that (f>' and \j/' never vanish for the same x is 
essential. Suppose for example that 

a = — 1, 6=1, (f> = x^, \jr = x^. 


• See§ ir>4. 
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Then ^(6) — (f>{a) = 0, T/r{b) — ^{a) = 2, and the result can only be 
true if = 0, i.e. if ^ = 0, in which case also vanishes and 
the formula becomes meaningless. 

129. A theorem of Darboux. We proved in § 101 that if (f>{x) is 
continuous in (a, fe) then it assumes, somewhere in {ayb)^ every value 
between (f>(a) and (j){h). There are other classes of functions which possess 
this property, and in particular the class of derivatives. If (p'(x) is the 
derivative of a function (j)(x)y then (whether continuous or not) it has the 
property stated. 

If (p{x) is differentiable for a^x^by (f'(a) = a, = y?, and y lies 

between cl and /?, then there is a ^ between a and b for which ({>'{^) = y. 

Suppose, for example, that a < y < and let 
f(x) = (j>(x)-y(x-a). 

Then \^(x) is continuous, and therefore attains its lower bound in (a, 6) 
at some point ^ of (a, b). This point f cannot be a or 6, because 
\lr'(a) = a - y < 0, ir'(b) = /? - y > 0. 

Hence ^{x) has a minimum* at a ^ between a and 6, and = 0, i.e. 

= r- 

130. Integration. Wo have seen how we can find the 
derivative of a given function ^(:r) in a variety of cases, including 
those of the commonest occurrence. It is natural to consider the 
converse question, that of determining a function whose derivative 
is a given function. 

Suppose that }/r{x) is the given function. Then we wish to deter- 
mine a function such that = rjf{x). A little reflection shows 
us that this question may really be analysed into three parts. 

(1) In the first place we want to know whether such a function 
as (f)(x) exists. This question must be distinguished carefully from 
the question whether (supposing that there is such a function) 
we can find any simple formula to express it. 

(2) We want to know whether it is possible that more than one 
such function should exist, i.e. whether the solution of our pro- 
blem is unique) and whether, if it is not, there is any simple relation 
between the different solutions which will enable us to express all 
of them in terms of any particular one. 

* Not neoeMarily a strict minimum; but see the penultimate paragraph of § 123. 



246 DERIVATIVES AND INTEGRALS [VI 

(3) If there is a solution, we want to know how to find an actual 
expression for it. 

It will throw light on the nature of these three questions if we 
compare them with the three corresponding questions which arise 
with regard to the differentiation of functions. 

(1) A function (^(x) may have a derivative for all values of x, 
like where m is a positive integer, or sin x. It may have one 
except for certain special values of x, like tan x or sec x. Or it may 
never have one, Hke the function of Ex. xxxvii. 20, which is not 
even continuous for any x. 

The last function is discontinuous for every x, and tanx and 
seox have derivatives except where they arc discontinuous. The 
example of ^x shows that a continuous function may have no 
derivative for special values of x, here x = 0. Whether there are 
continuous functions which never have derivatives, or con- 
tinuous curves which never have tangents, is a further question 
which is at present beyond us. Common sense says No: but, as 
we have already stated in § 112, tliis is one of the cases in which 
higher mathematics has proved common sense to be mistaken. 

But at any rate it is clear that the question ‘has (p{x) a deri- 
vative 0'(x)?’ is one wliich has to be answered differently in 
different circumstances. And we may expect that the converse 
question ‘ is there a function (/){x) of which ^(x) is the derivative ? ’ 
will have different answers too. We have already seen that there 
are cases in which the answer is No: thus if ^(x) is the function 
which is equal to a, 6, or c according as x is less than, equal to, or 
greater than 0, then the answer is No (Ex. XLVii. 5), unless 
a = b = c. 

This is a case in which the given function is discontinuous. In 
what follows, however, we shall generally suppose i/r{x) con- 
tinuous. And then the answer is Yes : if ^{x) is continuous, then 
there is always a f unction ^(x) such that (f)\x) = ^(x). The proof of 
this will be given in Ch. VII. 

(2) The second question presents no difficulties. In the case of 
differentiation we have a direct definition of the derivative which 
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makes it clear from the beginning that there cannot possibly be 
more than one. In the converse problem the answer is almost 
equally simple. It is that if (f){x) is one solution of the problem 
then is another, for any value of the constant (7, and 

that all possible solutions are comprised in the form <f>(x) + C, 
Tills follows at once from § 127. 

(3) The practical problem of finding </>'(x) is a fairly simple one 
when </){x) is any function defined by some finite combination 
of the ordinary functional symbols. The converse problem is much 
more difiicult. The nature of the difiScuIties will appear more 
clearly later on. 


Definitions. If ^(x) is the derivative of (f){x), then we call (f>(x) 
an integral or integral function of '(lf(x). The operation of 
forming ^{x) from }Jr(z) we call integration. 


We shall use the notation 


= jfr(x)dx, 

C d 

It is hardly necessary to point out that I ... da; like ^ must, at 
present at any rate, be regarded purely as a symbol of operation: 
the J and the dx mean no more when taken by themselves than 
do the d and dx of the other operative symbol. 


131. The practical problem of integration. The results 
of the earlier part of this chapter enable us to write down at once 
the integrals of some of the commonest functions. Thus 


Ix^dx = 


r 


= sina;, Jsina:da; = — cosa; ...(1). 


These formulae must be understood as meaning that the func- 
tion on the right-hand side is one integral of that under the sign 
of integration. The most general integral is of course obtained 
by adding to the former a constant C, known as the arbitrary 
constant of integration. 

There is however one case of exception to t he first formula, that 
in which m = — 1 . In this case the formula becomes meaningless, 
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as is only to be expected, since we have seen already (Ex. xui. 4) 
that 1 jx cannot be the derivative of any polynomial or rational 
fraction. 


That there really is a function F(x) such that D^F(x) = I /x 
will be proved in the next chapter. For the present we shall be 
content to assume its existence. This function F{x) is certainly 
not a polynomial or rational function; and it can be proved that 
it is not an algebraical function. It can indeed be proved that 
F{x) is an essentially new function, independent of any of the 
classes of functions which we have considered yet, that is to say 
incapable of expression by means of any finite combination of the 
functional symbols corresponding to them. The proof of this is 
too detailed to be inserted in this book ; but some further discussion 
of the subject will be found in Ch. IX, where the properties of 
F{x) are investigated systematically. 

Suppose first that x is positive. Then we shall write 

r 1 

= (2)’ 


and we shall call the function on the right-hand side of this 
equation the logarithmic function: it is defined so far only for 
positive values of x. 

Next suppose x negative. Then — a: is positive, and so log ( — x) 
is defined by what precedes. Also 


dx 


log(-x) 


-1 1 


— X 


so that, when x is negative, 

r dx , , . 

J — = log(-x) (3). 

The formulae (2) and (3) may be united in the formula 
r dx 

J — = log(±x) = log|x| (4), 

where the ambiguous sign is to be chosen so that ± x is positive: 
these formulae hold for all real values of x other than x = 0. 
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The most fundamental of the properties of log x which will be proved in 
Ch. IX are expressed by the equations 

log 1 = 0. log(l/a;) = -logx. \ogxy = log x + logy, 

of which the second is an obvious deduction from the first and third. It is 
not really necessary, for the purposes of this chapter, to assume the truth 
of any of these formulae; but they sometimes enable us to write our for- 
mulae in a more compact form than would otherwise bo possible. 

It follows from the lost of the formulae that logr* is equal to 2 log a; if 
a;> 0 and to 21og( — x) if x<0, and in either case to 2 log | x |. Thus (4) 
is equivalent to 



The five formulae (l)-(3) are the five most fundamental 
standard forms of the integral calculus. To them should be added 
two more, viz. 


^ 1 


dx 




= arc tan a: 


r dx 


+ arc sin a;* ...(6), 


132. Polynomials. All the general theorems of § 114 may 
also be stated as theorems in integration. Thus we have, to begin 
with, the formulae 


^{f{x) + F{x)}dx =J 

^f(;x)dx-\- ^F[x)dx .... 

(1), 

jkf{x)dx = 

kjf{x) dx 

(2). 


Here it is assumed, of course, that the arbitrary constants are 
adjusted properly. Thus the formula (1) asserts that the sum of 
any integral of f{x) and any integral of F{x) is an integral of 
f{x) + F{x). 


These theorems enable us to write down at once the integral 
of any function of the form Z A ^,f^,(x), the sum of a finite number 
of constant multiples of functions whose integrals are known. In 
particular we can write down the integral of any polynomial: thus 





+ ...+aJdx-~^— 


n+1 


+ - 


-+...+a^x. 


See § 120 for the rule for determining the ambiguous sign. 
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133. Rational functions. It is natural to turn our atten- 
tion next to rational functions. Let us suppose R[x) to be any 
rational function expressed in the standard form of § 118, viz. as 
the sum of a polynomial /7(x) and a number of terms of the form 
Al(x — a)^. 

We can at once write down the integrals of the polynomial and 
of all the other terms except those for which p = ly since 

r A ^ A 1 

]{x — a)P ^ p— I (x — oc)^"'^* 
whether a be real or complex (§ 118). 

The terms for which p = I present rather more difficulty. It 
follows immediately from Theorem (6) of § 1 14 that 

= F{f{x)} (3). 

In particular, if we take f(x) = ax + b, where a and b are real, and 
write 0(x) for F{x) and ^(x) for F'{x)y so that (p(x) is an integral 
of ^(x)y we obtain 

j\[r{ax + b)dx = ^<^(ax-\-b) (4). 

Thus, for example, 

= - log 1 ax -1-6 I, 

Jax-f6 a * 

and in particular, if a is real, 

= log|a;-a|. 

Jx— a ' ' 

We can therefore write down the integrals of all the terms in R{x) 
for which p = \ and a is real. There remain the terms for which 
^ = 1 and a is complex. 

In order to deal with these we shall introduce a restrictive 
hypothesis, viz. that all the coefficients in R[x) are real. Then if 
a = y-i-(^i is a root of Q[x) = 0, of multiplicity m, so is its con- 
jugate a = y — Si\ and if a partial fraction Apl{x — a)^ occurs in 
the expression of i?(x), so does Apl(x — d)Py where A^ is conjugate 
to Ap. This follows from the nature of the algebraical processes 
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by means of which the partial fractions can be found, and which 
are explained at length in treatises on algebra*. 

Thus, if a term {X~\- — y — Si) occurs in the expression of 
R{x) in partial fractions, so will a term (X — /ii)/(x — y-\-Si); and 
the sum of these two terms is 

2{X(x-y)-/iS} 

This fraction is in reality the most general fraction of the form 

Ax-\- B 

ax^ -h 2bx + c ’ 


where < ac. The reader will easily verify the equivalence of the 
two forms, the formulae which express A, /i,y, S in terms of B, 
a, b, c being 


A 


A D ^ 

2a ^ 2a ^ a ’ a 


where Zl = ac — and 7) = a B — bA. 


If in (3) we suppose F{f{x)} to be log | f{x) |, we obtain 

= (5): 

and if we farther suppose that f(x) = {x — X)'^ + /F, we obtain 

And, in virtue of the equations (6) of § 131 and (4) above, we have 

f- — - dx = -2S arc tan j . 

J{x-X)^ + jti^ \ /c ] 

These two formulae enable us to integrate the sum of the two 
terms which we have been considering in the expression of R{x)\ 
and we are thus enabled to write down tlie integral of any real 
rational function, if all the hictors of its denominator can be 
determined. The integral of any such function is composed of the 


See, for example, Chryetars Algebra^ 2nd edition, vol. i, pp. 151-9. 
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sum of a 'polynomial, a number of rational functions of the type 

A 1 

p—\ (x~ay~'^' 

a number of logarithmic functions, and a number of inverse tangents. 

It only remains to add that if a is complex then the rational 
function just written always occurs in conjunction with another 
in which A and a are replaced by the complex numbers conjugate 
to them, and that the sum of the two functions is a real rational 
function. 


Examples XLVIII. 1. Prove that 


/; 


dx = -- log I Z I + log 

ax^ + 26x4-c 2a 2a ^{— A) 


ax-^b-^( — A) 


— A) 


(where X = ax* + 2bx + c) if ^ < 0, and 

C Ax -\-B A ^ D iax + b\ 

j ox* + 26x + c 2a * a \ ^A / 

if d > 0, d and D having the same meanings as on p. 251. 

2. In the particular cose in which ac = b* the integral is 

- + ~ log I ax + 6 |. 


a(ax + 5) a 

3. Show that if the roots of Q(x) = 0 are all real and distinct, and P{x) 
is of lower degree than 0(x), then 

/ P(oc) 

Jli{x) dx = £ log I T - a I, 

the summation applying to all the roots a of Q{x) = 0. 

[The form of the partial fraction corresponding to a may be deduced 
from the facts that 


•Q'{a), (x — a)R(x)- 


<3'(a 


•] 


4. If all the roots of Q(x) are real and a is a double root, the other roots 
being simple roots, and P(x) is of lower degree than Q{x), then the integral 
is AI{x — a) + AAog \ x- cl\+ X B\og\x — where 

_2P{a) _ 2{3P'{cc) Q''{a)-P (a) Q"'(a)} ^ P(yg) 

and the summation applies to all roots of Q{x) = 0 other than a. 
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dx 


6. Calculate 




1)(X>+1)}* 

[The expression in partial fractions is 
1 1 


t 2 — i % 2 + i 

^ + ^ + rT + - 


4(x-l)a 2{x-l) 8(x~i)2 H(x-i) S{x-^i)^ S{x-\-i)" 

and the integral is 

1 1 


4(x-l) 4(a;>+l) 


— i log I a? — 1 I + i log + 1 ) + J arc tan x.] 


6. Integrate 

X 


{x — a){x~-b){x — c)* {x — a)^{x — b)* {x — a)- {x — b)^* (x — a)®* 


(x^ + (x^ + 6^) (x^ + a“) (x“ + 6^) x^(x^ + a^) x(x’* + a*)* 

7. Integrate 


(x— l)(x^+l)’ 1+x®' (x— 1)2 (x^ + ])* 

(Math. Trip. 1924, 1926, 1934) 


8. Prove the formulae 




H-xV2 + x2\ 
xj2 + x“/ 


+ 2 arc tan f 

' l-x2 


= -J + 2ttKitan 




4^2! ‘'"^Vl— x ^2 + x' 

= +2arotan(^.)}. 


134. Note on the practical integration of rational functions. 

The analysis of § 133 gives us a general method by which we can find the 
integral of any real rational function R{x), proxnded we can solve the equation 
Q{x) = 0. In simple cases (eis in Ex. 6 above) the application of the method 
is fairly eeisy. In more complicated cases the labour involved is some- 
times prohibitive, and other devices have to be used. It is not part of the 
purpose of this book to go into practical problems of integration in detail. 
The reader who desires fuller information may be referred to Goursat’s 
Coura d'analyaCf 3rd edition, vol. i, pp. 246 et seq., Bertrand’s Calcul 
integral, and Bromwich’s tract Elementary integrals (Bowes and Bowes, 
1911). 
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If the equation Q(a:) = 0 cannot be solved algebraically, then the method 
of partial fractions naturally fails and recourse must be had to other 
methods*. 

135. Algebraical functions. We naturally pass on next to 
the question of the integration of algebraical functions. We have 
to consider the problem of integrating y, whore y is an algebraical 
function of x. It is however convenient to consider an apparently 
more general integral, viz. 

^R{x,y)dx, 

where Tl{x,y) is any rational function of x and y. The greater 
generality of this form is only apparent, since the function R{x, y) 
is itself an algebraical function of x. The choice of this form is 
dictated simply by motives of convenience: such a function as 

px + q~\- 2bx + c) 

j)x + q — ^{ax^ -f 2bx + c) 

is more conveniently regarded as a rational function of x and the 
simple algebraical function ^(ax^ + 2bx + c), than directly as itself 
an algebraical function of x, 

136. Integration by substitution and rationalisation. 

It follows from equation (3) of § 133 that if ji/r(x)dx = (^(x) then 

fiHMjnndt = mo) (i). 

This equation supplies us with a method for determining the 
integral of i/rix) in a large number of cases in which the form of 
the integral is not directly obvious. It may be stated as a rule as 
follows: put X = f{t)y where f(t) is any function of a new variable t 
which it may be convenient to choose ; multiply by f'it), and determine 
(if possible) the integral of ^{/{f (l)}f'(t)] express the result in terms of x. 
It will often be found that the function of t to which we are led by 

* So© the author’s tract “The integration of functions of a single variable’’ 
{Cambridge T racts in Maihemalics, No. 2, 2nd edition, 1916). This does not often 
happen in practioe. 
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the application of this rule is one whose integral can easily be 
calculated. This is always so, for example, if it is a rational func- 
tion, and it is very often possible to choose the relation between 
X and t BO that this shall happen. Thus the integral of R(sjx), 
where R denotes a rational function, is reduced by the substitu- 
tion X = to the integral of 2tR{t^)^ i.e. to the integral of a rational 
function of t. This method of integration is called integration 
by rationalisation. 

Its apphcation to the problem immediately under considera- 
tion is obvious. If we can find a variable t such that x and> y are both 
rational functions of t, say x = Rfit)^ y == i^ 2 ( 0 > 

^R(x,y)dx 

and the latter integral, being that of a rational function of t, can be 
calcuhted by the methods of § 133. 

It is important to know when we can find an auxiliary variable 
t connected with x and y in this manner, but we cannot discuss the 
general problem here*. We must confine ourselves to a few simple 
special cases. 

137. Integrals connected with conics. Let us suppose 
that X and y are connected by an equation of the form 
-f 2hxy + by"^ 4 - 2gx -f- 2fy -f- c = 0; 

in other words that the graph of y, considered as a function of x, 
is a conic. Suppose that (^, 7 ) is any point on the conic, and let 
x — ^ = X,y-rj= Y. If the relation between x and y is expressed 
in terms of X and F, it assumes the form 

aX’^-^2hXY + bY^ + 2GX + 2FY = 0, 

where F = h^ brj f , O = a^-\-hrj + g. In this equation put 
Y = tX. It will then be found that X and F, and therefore x and 
y, are rational functions of t. The actual formulae are 
^ 2{0-^Ft) _ 2t{0 + Ft)_ 

® a + 2ht + bfi' y ~ a+ihl-^-bf^' 


See the tract referred to on p. 254. 
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Hence the process of rationalisation described in the preceding 
section can be carried out. 

The reader should verify that 

dx 

hx + by +/ = — \{cL + 2}it 4- bt'^) , 


so that 




dt 

2}it + bt^^ 


}hx-^by+J + + 

When h'^>ab it is in some ways advantageous to proceed as 
follows. The conic is a hyperbola whose asymptotes are parallel 
to the lines 

ax^ + 2hxy -f by^ = 0, 
or b{y-/ix){y-fi'x) = 0, 

say. If we put y — fix = t, we obtain 

, 2gx + 2fy-\-c 
y-fix = t, y-fix = , 

and it is clear that x and y can be calculated from these equations 
as rational functions of t. We shall illustrate this process by an 
application to an important special case. 


138. The integral 


. Suppose in particular that 


^ ]^(ax^^2bx^c) 

(/• = ax"^ 4- 2hx 4- c, where a > 0. It will be found that, if we put y-\-x^Ja = t. 


we obtain 


dx c) ^Ja 2bt c) + 2bt 

^ dt {tyja-\-b)'^ * ^ tyja + b * 


= -7-log a:Vo + !/ + - 


]y ]t^a + b r V«| 

If in particular a = 1, 6 = 0, c = or a = 1, 6 = 0, c = — we obtain 

' 

(2), 

equations whose truth may be verified immediately by differentiation. 
With these formulae should bo associated the third formula 

f dx , x 

1-7—; Tv = arcBin- (3), 

which corresponds to a case of the general integral of this section in 
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which o<0. In (3) it is supposed that a>0, if a<0 then the integral is 
arcsin(x/| a I) (cf. §120). In practice we should evaluate the general 
integral by reducing it (as in the next section) to one or other of these 
standard forms. 

The formula (3) appears very different from the formulae (2): the reader 
will hardly be in a position to appreciate the connection between them 
until he has read Ch. X. 


139. The integral f- 

JM 




i 1 , ^ ,,, rdx. This intecral can be 

)^(ax"-{-2bx-hc) ^ 

integrated in all cases by means of the results of the preceding 

sections. It is most convenient to proceed as follows. Since 


Ax-\-/i = ^ {ax + 5) + /^ - 


Ab 

a ’ 


we have 


]^{ax^-\-2bx-^c) 


/: 


{Ax -h jx) dx 
yl{ax^ + 2bx-{-c) 


-^(ax2+ 26a; + c) + 


/ Ab\ r dx 

V h 26a; + c)' 


In the last integral a may be positive or negative. If a is 
positive we put xa^ + = t, when we obtain 


1 r di 

^aj ^{t--\-Ky 


where k = {ac — If a is negative we write A for —a and put 
xA^ — bA~^ = ty when we obtain 


1 r dt 

It thus appears that in any case the calculation of the integral 
may be made to depend on that of the integral considered in 
§ 138, and that this integral may be reduced to one or other of 
the three forms 


c dt r dt r dt 

iw^y 


17 
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140. The Integral ll)^j(ax^-\-2hx-\-c)dx, In the same way we 

6nd 

j [Xx + jj.) ^J{ax^ -h 2bx + c) dx 

= — {ax^ + 2hx + c)^ + 1 \\l(cLx^ + 26a; + c) dx\ 

3a \ a / J 

and the last integral may be reduced to one or other of the throe forms 

In order to obtain these integrals it is convenient to introduce at this 
point another general theorem in integration. 

141. Integration by parts. The theorem of integration by 
parts is merely another way of stating the rule for the differ- 
entiation of a product proved in § 114. It follows at once from 
Theorem (3) of § 1 14 that 

J/'(x) F{z) dx = f{x) F{x) - [/(z) F'{x) dx. 

It may happen that the function which we wish to integrate is 
expressible in the form f'{x)F{x), and that f{x)F'(x) can be 
integrated. Suppose, for example, that <f)(x) ~ x\lf{x), where ^(x) 
is the second derivative of a known function x(^)- Then 

^<j){x)dx =jxx''(x)dx = xx'{x)- 

We can illustrate the working of this method of integration by applying 
it to the integrals of the last section. Taking 


we obtain 
a fydx = (ax-{-b)y — 


f(x) = ax-\-b, F{x) = y/{ax^-\-2bx + c) = y, 
(ax-f 6)* 


y 


60 that 


-dx = {ax + b)y — a j ydx-\-(ac 
{ax-{-b)y ac — b^ [dx 


. - tdx 


jydx = --- — ^ + 


f dx 

I y ’ 


and we have Been already (§138) how to determine the last integral. 
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Examples XLIX. 1. Prove that if a> 0 then 

J^(z* + oc^)clx = iz^(x^ + a^) + ia’^log{x-hy/(z^-hoc^)}. 


J 


— a^)dx = ^x ^{x^ — a^) — log | x + yj{x^ — | , 

(a* — X*) dx = \x yl( 0 L^ — x^) arc sin - . 


/■ 

2. Calculate the integrals / - — ^ , U(oc^ — x^) dx by means of the 

J JiCL — X**) J 


J ^{cL^—x-y 

substitution x = asin^, and verify that the results agree with those 
obtained in § 138 and Ex. 1. 

3. Prove, by means of the substitutions ax + 6 = \jt and x = 1/w, that 
(in the notation of §§ 133 and 141) 

fxdx hx-\-c 


f dx ax -hb 

J y'^ "" 




/■ 


2/“ 


Ay 


4. Calculate 


dx 


where b>a, in three ways, viz. (i) by 


6. Integrate ^3 


/V{(a:-o)(6-x)} 
the methods of the preceding sections, (ii) by the substitution 
(6 — x)/(x — a) = 

and (iii) by the substitution x = acos'6?-f^sin^6^; and verify that the 
results agree. 

by the substitutions 
(a) x = tanf?, (6) u — x^-\-\, 

and verify the agreement of the results. {Math. Trip. 1933) 

(j. Integrate 

1 1 x*+l X 1 

x('H-x»)’ (V+a:)V{c + *)’ V(^® + a:+l)’ a:' V(^® + a’)' 

(Malh. Trip. 1923, 1925, 1927, 1929) 

7. Show, by means of the substitution 2x + (i + b = ^(a — 6) (/* + /”*), 
or by multiplying numerator and denominator by .J{x + a) — ^{x + b), that 


if a > 6 then 


/: 


dx 


1 \ 


dx 


8. Find a substitution which will reduce 


i(x + a 


to the 


)3 4- (x — a)l 
{Math. Trip. 1899) 


integral of a rational function. 


17-a 
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9. Show that j Ii{x,^(ax'i-b)}dx is reduced, by the substitution 
ox -I- 6 = y", to the Integral of a rational function. 

10. Prove that 

lr(x) F(x} dx = f’(x) F(x) -fix) F’ix) + jj(x) F'{x) dx 
and generally 

F(x) dx = F(x) — F'{x) -h ... + (— 1 ) ^jf{x) F^^\x) dx. 

11. The integral jci -h x)^ x^ dx, where p and q are rational, can be 

found in three cases, viz. (i) if p is an integer, (ii) if q is an integer, and 
(iii) if p-^q is an integer. [In case (i) put x = u*, where s is the deno- 
minator of g; in case (ii) put l-\-x = wliore 8 is the denominator of p; 
ELnd in case (iii) put 1 -fx = xt\ whore s is the denominator of p.] 


12. The integral j x”*{ax** b)^ dx can be reduced to the preceding 

integral by the substitution ax'* = bt. [In practice it is often most con- 
venient to calculate a particular integral of tliis kind by a ‘formula of 
reduction’ (cf. Misc. Ex. 65, p. 282).] 


13. The integral ^(ax-|- 6), ^^( 0 x 4 - d)} dx can be reduced to that of 

a rational function by the substitution 


bf 1\« d( l^• 

4x = — - ( t-\~- ) — [t — 
a\ iJ c \ if 


14. Reduce Jb(x, y) dx, where i/*(x — y) = x'^, to the integral of a rational 
function. [Putting y = tx, we obtain x — l/{i“(l —t)), y = 1/{^(1 —0}-] 


16. Reduce the integral in the same way when (a) y(x~yY = x, 
(b) (x* + 3 /*)* = a*(x* — t/®). [In case (a) put x — y = t: in case (6) put 
x*4-i/* = t{x — y), when we obtain 

X = o*^(^* + o*)/(t^ + a*), y = -\-a^).] 


16. 


17. 


f dx 

If y{x-yY = then — = 

J X — 6y 

If ix* + y*)* = 2c*(x* - y»). then 


ilog {(x-y)>- 1}. 

'y(®’ + y’ + c’) — 
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142. The general Integral jE{x,y)dx, where y* = ox* + 26® + o, 

The most general integral associated, in the manner of § 137, with the 
special conic y® = ax* + 2bx + c is 


jB(x,^X)c 


where X = y* = ox* + 26x -i- c. We suppose that li is a real function. 

The subject of integration is of the form P/Q, where P and Q are poly- 
nomials in X and -y/X. It may therefore be reduced to the form 

A + B,/X _(A + B^X)(0-D^X) ^ ^ 


C-i-DJX 


C2 _ /J2X 


EaF^X, 


where Ay By ... are rational functions of x. The only new problem which 
arises is that of the integration of a fimction of the form F ^JX, or, what is 
the same thing, Q/yjXy where (? is a rational function of x. And the integral 

/' G 

l~-dx (2) 


can always be evaluated by splitting up 0 into partial fractions. When we 
do this, integrals of three different types may arise. 

(i) In the first place there may bo integrals of the type 


where m is a positive integer. The cases in which m = 0 or m = 1 have 
been disposed of in § 139. In order to calculate the integrals corresponding 
to larger values of m we observe that 

d , (ax + 6)x”*~^ ax”* + + yx"*"* 

-(x-VX) . (m- + — . 

where a, /?, y are constants whose values may be easily calculated. It is 
clear that, when we integrate this equation, we obtain a relation between 
three successive integrals of the type (3). Since we know the values of 
the integral for m = 0 and w = 1, we can calculate in turn its values for 
all other values of m. 

(ii) In the second place there may be integrals of the type 

( 4 ). 

where p is real. If wo make the substitution x —p = l/t, then this integral 
is reduced to an integral in t of the t^’pe (3). 

(iii) Finally, there may be integrals corresponding to complex roots of 
the denominator of O. We shall confine ourselves to the simplest case, that 
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in which all such roots are simple roots. In this case (cf. § 133) a pair of 
conjugate complex roots of O gives rise to an integral of the typo 


Lx + M 


I {Ax^-h 2Bx + C) + 2bx + c) 
In order to evaluate this integral wo put 


- dx 


(5). 


/It + V 

QC — A 

^ + 1 

where /i and v aro so chosen that 

a/iv-\-b{/i-\-v)A-c - 0, Aiiv+ B{/i-{-v) + C = 0; 
so that /I and v are the roots of tho equation 

(aB-hA)i'^~(cA-aC)i^-(hC-cB) = 0. 

This equation has certainly real roots, for it is the same equation as 
equation (1) of Ex. xxvi. 13; and it is therefore certainly possible to find 
real values of /i oxvAv fulfilling our requirements. 

It will be found, on carrying out the substitution, that the integral (6) 
assumes the form 


/ r- / 

^ ./ + /?yV(r<'T<S) j + /?) V(yt» + <5) 

The second of these integrals is rationalised by the substitution 

t 

which gives +S) "" ’ 

Finally, if wo put t — 1/u in tho first of tho integrals (6), it is transformed 
into an integral of tho second t>q3c, and may therefore be calculated in 
the manner just explained, viz. by putting uly/{y + Su^) = v, i.e. 

l/^J(yt^ + S) = V*. 


Examples L. 1. Evaluate 


f dx 

f dx 

f dx 

1 x^(x^-\- 2x + 3)’ 

J(x-l)V(x»+l)' J 

(a;+l)V(l+2a:-i>) 

2. Prove that 

/ 

dx 2 



-p)y/{{x-p){x-q)} q-p \/ \x-p)' 


* The method of integration explained here fails if ajA = b/B; but then the 
integral may be reduced by the substitution ax + b=:t. For further information 
concerning the integration of algebraical functions see Stolz, Orundzilge der Differ- 
ential-und-intpgralrechnungf vol.i, pp. 331 et 8eq. ^or Bromwich’s tract quoted on p. 253. 
An alternative method of reduction has been given by Greenhill: see his A rhaptef 
in the iniegral calculus, pp. 12 el seq., and the author’s tract quoted on p. 254. 
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142] derivative 

3. If ag^ + c/i* = — < 0 , then 


f dx 1 

71 — ^ ; : = — r Q-rc tan 

{hx + g) ^{ax* + c) 


V{t^ ( aa;» + c)} n 
ch — agx J 


4 . Show that I 

J - ^o) y 

in one or other of the forms 


, where t/“ = ax^ + 2bx + c, may be expressed 


1 \axXo + b{x + Xf,)-\-c + yyo\ 1 


— , —arc tan 


farrago + &(x + a:o) 4- 


according as gXq + 2bxQ + c is positive and equal to yj or negative and equal 
to -zl. 

5. Show by means of the substitution y = ^(ax^-h 2bx-{-c)l(x^p) that 

f d,x f dy 

j(x-p)yl(ax^-\-2bx-{-c) 

where A = ap^ + 2bp -{-c, p = ac — 6*. [Tliis method of reduction is elegant 
but less straightforward than that explained in § 142.] 

6 . Show that the integral 


J xJ{3x^-t2.r-\) 

is rationalised by the substitution a; = (1 -{•y^)l{3 — y^). 


{Math. Trip. 1911) 


7. Calculate 


f {x- h l)dx 

'(x 2 + 4)V(^*+9)’ 


8 . Calculate 


; (5x2 4 - 1 2;r + 8 ) ^/( 5.^2 4 . 2x - 7) 

[Apply the method of § 142. The equation satisfied by p and v is 
_l_ 3 ^ _l_ 2 = 0, so that = — 2, v = — 1 , and the appropriate substitution 
is X = — (2/4- l)/(^ 4- 1). This reduces the integral to 


./ ( 4/2 + 1 ) - 4 ) J ( 4/2 + 1 ) 7 ( 9/2 - 4 ) 

The first of tliese integrals may be rationalised by putting //7(9/2 - 4) = 
and the second by putting 1/7(9^*— 4) = v.] 


9. Calculate 


I {x+l)dx j 

J (2x^ -2x+ 177(3^''^ 2 x 4- ij ' j ( 2 x 2 - 6 x + 5) 7 ( 7x2 - 22 x 4- 1 9) ' 

(Math. Trip. 1911) 


{x—l)dx 
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10. Show that the integral jR{x,y)dx, where = ax^ 2bx + c, is 

rationalised by the substitution t = {x — p)l{y-\-q)t where (ptq) is any 
point on the conic y^ = ax^ + 26a; + c. [The integral is of course also 
rationalised by the substitution t = (x—p)!(y — q): cf. § 137.] 


143 . Transcendental functions. Owing to the great 
variety of the different classes of transcendental functions, the 
theory of their integration is a good deal less systematic than 
that of the integration of rational or algebraical functions. We 
shall consider in order a few classes of transcendental functions 
whose integrals can always be found. 

144 . Polynomials in cosines and sines of multiples of 

X. We can always integrate any function which is the sum of a 
finite number of terms such as 

A cos"* ax sin"*' ax cos" bx sin"' 6x . . . , 

where m, m', n, n\ ... are positive integers and a, by ... any real 
numbers. For such a term can be expressed as the sum of a 
finite number of terms of the types 

a cos {{pa-hqb -f Asin {(pa-\-qb-\- ...)x}; 

and the integrals of these terms can be written down at once. 


Examples LI. 1. Integrate sin® j; cos* 2a:. In this case we use the 
formulae 

sin® X = 1(3 sin x — sin 3a:), cos* 2a; = 1 + cos 4x). 

Multiplying these two expressions and replacing sinx cos 4x. for example, 
by KsinSx — sin 3x), we obtain 

iV jn sin X — 5 sin 3x + 3 sin 5x — sin lx) dx 

= — iV cos X + cos 3x — ^^0 cos 5x + 1 cos lx. 


The integral may of course be obtained in different fonns by different 
methods. For example 

jain^x cos* 2xdx = J{4 cos* x — 4 cos* x + 1) (1 — cos*x) sinxdx, 
which reduces, on making the substitution cosx = t, to 



— + 5^* — 1 ) = 7 cos* X — I cos® x + ^ cos® x — cos x. 
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It may be verified that this expression and that obtained above differ 
only by a constant. 


2. Integrate by any method costtrrcos6x, sin ox sin 6x, cos ox sin 
cos*x, 8in®x, cos^x, cos x cos 2x cos 3x, cos^ 2x sin* 3x, cos^xsin^x. [In 
cases of this kind it is sometimes convenient to use a formula of reduction 
(Misc. Ex. 65, p. 282).] 

145. The integrals co^xdx, ^x'^^mxdx and associated 

integrals. The method of integration by parts enables us to 
generalise the preceding results. For 


jx^ si 


sinxdx = —x^ cos x + 


n 

J 


cosxdx. 


and the integrals can be calculated completely by a repetition 
of this process whenever n is a positive integer. It follows that 

we can always calculate jx^ cos axdx and jx^ sin axdx if n is a 

positive integer; and so, by a process similar to that of the 
preceding paragraph, we can calculate 


I' 


I P{x, cos aXy sin ax, cos bx, sin bx , . . . ) dx, 
where P is any polynomial. 


Examples Lll. 1. Integrate xsinx, x*cosx, x*cos*x, x-sin*x sin* 2x, 
X sin* X co8^ X, X® sin^ Jx. 

2. Find polynomials P and Q such that 

j{{Sx—l) COSX + (1 — 2x) sinx}dx = Pcos x+ Qsinx. 

3. Prove that Jx" cos xdx = P„ cos x+Q„ sin x, where 

P„ = nx"-i - n(n - 1 ) (n - 2) x”-» + . . . , Q„ = x*-n{n- .... 

146. Rational functions of cos a: and sin a:. The integral 
of any rational function of cosx and sin a: may be calculated by 
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the substitution tan = 1. For 


2t dx 


cos. = ^. einx = ^,. = 

SO that the integral is reduced to that of a rational function of /. 
But other substitutions are sometimes more convenient. 


Examples LIII. 1. Prove that 

j^ocxdx = log I sec x + tan a; j, jcosecxdx = log | tanj^x |. 

[Another form of tlie first integral is log | tan {\7T + Jx) | ; a third form is 
Jlog I (1 -}-sinx)/(l -sinx) [.] 

2. ytanxdx = — log I cosx |, ^cot xdx = log | sin x |, jsoc^ xdx = tanx, 

jcoBec^xdx = — cotx, |tanxsocxdx = secx, j cot x cosec xdx = — cosec x. 

[These integrals are included in tlie general form, but there is no need 
to use a substitution, as the results follow at once from § 120 and equation 
(5) of §133.] 

3. Show that the integral of l/(a + b cos x), where a + 6 is positive, may 
be expressed in one or other of the forms 

2 . //a~b\) 1 ^(f, + a)-ht^(b-a) 

V \a4-6/J ' ^{b^ — a^) ^ yl{b->ra)-t^{b — a) 
where t = tan Jx, according as > 6* or < b^. If a* = 6^, then the integral 
reduces to a constant multiple of that of sec^ Jx or cosec^ Jx, and its value 
may be written down at once. Deduce the forms of the integral when a -f- 6 
is negative. 

4. Show that if y is defined in terms of x by moans of the equation 

(a -f 6 cos x) (a — 6 cos y) ^ — 6®, 

where a is positive and > 6*, then as x varies from 0 to tt one value of y 
also varies from 0 to tt. Show also that 

— b'^)smy sinx dx sini/ 

sinx = , , = ; 

0 — 0 cos y 0 + 0 cos x dy a — b cos y 


and deduce that if 0 < x < tt then 


Ja-t-bcosx ^{a^ — b^) \a + 

Show that this result agrees with that of Ex. 3. 


o cos X + 6' 
0 + 6 cos X. 
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5. Show how to integrate l/(a-f-6co3x4-C8inx). [Express6ooax + csina: 
in the form + c*) cos (x — a).] 

6. Integrate (o + 6co8x + c8inx)/((X-|-y?co3x-4- ysinx). [Determine A, 
fif V BO that 

a + 6co3x + CBinx = A4-//(a-f /^cosx + ysinx) v{ — y^sinx-l- ycosx). 
Then the integral is 

LLx + v log \ol + 6 cos X + 7 sin X I + a / ;r — .] 

r' ja + y^cosx + ysinx ■* 

7. Integrate l/(aco8*x4- 26cosx sinx + csin^x). [The subject of in- 
tegration may be expressed in the form l/iA + B cos 2x -|- (7 sin 2x), where 
A = i(o + c), B = i(a — c), C = b: but the integral may be calculated more 
simply by putting tan x = /, when we obtain 

j sec-xdx f dt 

7 o-f 26 tanx + ctaii=^x J a ■{- 2l)t 


147. Integrals involving arc sin x, arc tan x, and logx. 
The integrals of the inverse sine and tangent and of the logarithm 
can easily be calculated by integration by parts. Thus 


r (* cr dx 

Jarcsinxdx = xarcsin x — J = xarc8inx + ^(l — X“), 

r I* xdx 

arc tan xdx = x arc tan x — ^ ^ ^ - i log ( 1 + x*), 

Jlogxdx = X logx — Jdx = x(logx— 1 ). 


Generally, we can integrate 0(x), the inverse function of /(x), 
if we can integrate /(x) ; for the substitution y = /(x) gives 


<f>{v)(^y = {^f'(x)dx = x/(x)- 
J J • 


f(x)dx. 


Integrals of the form 



arc sin x) dx, 



logx)dx, 


where P is a polynomial, can always be calculated. In the first 
case, for example, we have to calculate a number of integrals of 
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the type Ja;^(arc8ina:)'^cia:. Making the substitution x = sini/, 

we obtain Jy^sin^?/ cos ydy, which can be found by the method 
of § 145. In the second case we have to calculate a number of 
integrals of the type jx^{\ogx)'^dx. Integrating by parts we 
obtain 

^ L«(Iogx)-V*, 

and we can complete the calculation by repeating the argument. 

Example. Integrate x" log x, x" log ( 1 + x), x® arc tan x®, and x~" log x. 

{Math. Trip. 1924, 1929, 1934) 


148. Areas of plane curves. One of the most important 
applications of the processes of integration which have been ex- 
plained in the preceding sections is to the calculation of areas of 
plane curves. Suppose that PqPP' (Fig. 42) is the graph of a 
continuous curve y = (f){x) which hes wholly above the axis of x, 
P being the point (x^y) and P' the point {x + h,y + k), and h 
being cither positive or negative (positive in the figure). The 
problem is that of calculating the area ONPP^. 




P R 
Fig. 42 a 


The notion of an ‘area* is one which requires very careful 
mathematical analysis, and we shall return to it in Ch. VII. For 
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the present we shall take it for granted. We shall assume that 
any such region as ONPPq has associated with it a positive 
number {ONPPq)^ which we call its area, and that these areas 
possess the obvious properties indicated by common sense, 
e.g. that 

(PRP') + (NN^RP) = (NN'P'P), (N^NPP^) < {ONPP^), 
and so on. 

It is plain, if we take all this for granted, that the area ONPP^ 
is a function of x; we denote it by 0{x). Also 0{x) is a continuous 
function. For 

0{x-\-h) — 0{x) = (NN'P'P) 

= {NN'RP) + {PRP') = h(/){x)-^{PRP'). 

As the figure is drawn, the area PRP' is less than hk. This is not 
necessarily true in general, because it is not necessarily the case 
(see for example Fig. 42a) that the arc PP' should rise or fall 
steadily from P to P'. But the area PRP' is always less than 
I h I A(A), where X{h) is the greatest distance of any point of the 
arc PP' from PR. Moreover, since 0(x) is a continuous function, 
A(A) 0 as A -> 0. Thus 

0{x-^h)-0){x) = A{0(x) +/^(A)}> 

where | /^(A) | ^A(A) and A(A)^0 as A-^0. From this it follows 
that 0{x) is continuous. Moreover 

0'{x) = lim = lini f^(j)[x) ^ ii{h)] = 0(a:). 

Thus the ordinate of the curve is the derivative of the area, and the 
area is the integral of the ordinate. 

We are thus able to formulate a rule for determining the area 
ONPPq. Calculate 0{x), the integral of This involves an 

arbitrary constant, which we suppose so chosen that 0{O) = 0. Then 
the area required is 0{x). 

If it were the area which was wanted, we should determine 

the constant so that = 0, wliere Xi is the abscissa of Pj. If the curve 

lay below the axis of x, 0{x) would be negative, and the area would be the 
absolute value of 0{x), 
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149. Lengths of plane curves. The notion of length also 
requires very careful analysis, and is rather more difficult than 
that of area. In fact the assumption that PqP (Fig. 42) has a 
definite length, which we may denote by S{x), does not suffice 
for our purposes, as did the corresponding assumption about 
areas. We cannot even prove that S{x) is continuous, i.e. that 
]im {S{P') — S{P)} = 0. This looks obvious enough in the larger 
figure, but less so in such a case as is shown in the smaller figure. 
Indeed it is not possible to proceed further, with any degree of 
rigour, without a careful analysis of just what is meant by the 
length of a curve. 

It is however easy to see what the formula must be. Let us 
suppose that the curve has a tangent whose direction varies 
continuously, so that <{)\x) is continuous. Then the assumption 
that the curve has a length leads to the equation 

S{x-^h)-S[x) {PP'} PP' {PP'} 

h ~ h ~~ h ' ~PP' ' 

where {PP'} is the arc whose chord is PP'. Now 

PP' = + = 

and k = (f){x + h)--(^{x) = 

whore ^ b'es between x and x-[-h. Hence 

lim (PP’lh) = lim V{1 + WiiW} = 

If also we assume that 

lim{PP'}/PP' = 1, 

we obtain the result 

S'(^) = = V{1 + 

and 80 S{x) = dx. 

Examples LIV, 1. Calculate the area of the segment cut off from the 
parabola y = a;^/4a by the ordinate x = f , and the length of the arc which 
bounds it. 
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2. Show that the area of the ellipse + (yV6*) = 1 is nab. 

3. The area included between the curve x = y\\—x) and the line 

X = 1 is 71. (Math, THp, 1926) 

4. Sketch the curve ( 1 + x®) y® = x'^{ 1 — x*), and prove that the area of 

a loop is J(77-2). (Math, Trip. 1934) 

6. Trace the curve = x®(2a — r), and show that its area is jTra*. 

(Math. Trip. 1923) 

6. Prove that the area between the curve 



and the segment ( — a,a) of the axis of x is iah. (Math. Trip. 1930) 

7. Find the area bounded by the curve y = sinr and the segment of 
the axis of x from x = 0 to a: = 277. [Here 0(x) = — cos r, and the difference 
between the values of — cos x for x = 0 and x = 27r is zero. The explanation 
of this is of course that between x = n and x = 2 t[ the curve lies below the 
axis of Xy and so the corresponding part of the area is counted negative in 
applying the method. The area from ic = 0tox = 7ris — cos n + cos 0 = 2; 
and the whole area required, when every part is counted positive, is 
twice this, i.e. is 4.] 

8. Suppose that the coordinates of any point on a curve are expressed 
os functions of a parameter t by equations of the type x = 0(^), y = y5"(t), 
(p and ij/ being functions of t with continuous derivatives. Prove that if 
x steadily increases as t varies from t^ to t^, then the area of the region 
bounded by the corresponding portion of the curve, the axis of x, and the 
two ordinates corresponding to t^ and is, apart from sign, A(t^) — .4(^o)» 
whore 

A(t) = 

9. Suppose that (7 is a closed curve formed of a single loop and not 
met by any parallel to either axis in more than two points. And suppose 
that the coordinates of any point P on the curve con be expressed os in 
Ex. 8 in terms of f, and that, as t varies from to t^y P moves in the same 
direction round the curve and returns after a single circuit to its original 
position. Show that the area of the loop is equal to the difference of the 
initial and final values of any one of the integrals 



this difference being taken positively. 
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10. Apply the result of Ex. 9 to determine the areas of the curves 
given by 

cc 1 v 2^ 

(i) ^ = — - - = (ii) a; = ocos»i, y = 6sin»«. 

o 1 + a 1 + 


11. Find the area of the loop of the curve x^ + y^ = Zaxy. [Putting 
y = tx, we obtain x = 3at/(H-t3), y = 3at2/(l -i- As t varies from 0 
towards oo the loop is described once. Also 





^ 3a* 


which tends to 0 as t -► oo. Thus the area of the loop is ^^a*.] 


12. Find the area of the loop of the curve x^-^y^ = 5ax^y^, 

13. The area of the curve 

X = a cos ^ + 6 sin ^ -1- c, y = a' cos sin t -f c', 
where a?)' — a'6>0, is 77’(a6' — a'6). (Math. Trip. 1927) 


14. Prove that the area of a loop of the curve x = osin 2^, y = a sin t is 
Ja*. (Math. Trip. 1908) 

16. Trace the curve x = cos y = sin 3f 

and find the area of the loop. Obtain the Cartesian equation of the curve, 
and explain why the graph traced from this equation differs from the 
other graph. (Math. Trip. 1928) 

[It is assumed, in the usual theory of curves defined by parametric 
equations, that x'(t) and y'(t) do not vanish simultaneously; and a value 
of t for which this happens corresponds to some sort of singularity of the 
curve. In this case x'(t) and y'(t) both vanish for t = ± Jtt, when 
X = — y = ^ 1. If, for example, t increases from 0 to Jtt, (x^y) moves 
along the first graph from (1,0) to (—1, — 1), but then turns back and 
retraces its course. 

The Cartesian equation is obtained by eliminating t = sini from the 
equations a; = 1 — 27*, y = 3t — 4t®; and only the part of the second graph 
for which | r | < 1 belongs to the first.] 

16. The arc of the ellipse given by x = a cost, y = 6sin^, between the 
points t = and t = fj, is ^(^g) — F(t^), where 

F(t) = a 

c being the eccentricity. [This integral cannot be evaluated in terms of 
such functions as are at present at our disposal.] 
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17, The coordinates of a point on a cycloid are given by 

X = a{t-{- sin t), y = a( 1 + cos t) ; 
and the points for which t = - and t = arc P and Q. Calculate the 
area between the arc PQ of the curve and the lines OP, OQ. 

{Math. Trip. 1934) 

18. Polar coordinates. Show that the area bounded by the curve 
r = f{d), where f{6) is a one-valued function of 6, and the radii d = 6^, 

d = ^|, is F(6^) — F(dy), where F(d) = J jr^dO. And the length of the 

corresponding arc of the curve is 0{d^) — 0{O^), where 

Hence determine (i) the area and the perimeter of the circle r = 2a sin d; 

(ii) the area between the parabola r = Jisec* \d and its latus rectum, and 

the length of the corresponding arc of the parabola; (iii) the area of the 

lima(;on r = a + 6 cos 6, distinguisliing the cases iii which o > 6, o = 6, and 

a<h; and (i v) the areas of the ellipses l/r“ = a cos^ 6 -\-2h cos d sin d-\-h sin* d 

I . f dO 

and - = 1 -f c cos d. [In the last case we are led to the integral / — , 

r y(l + 6 C 08 ^)* 

which may be calculated (cf. Ex. Lin. 4) by the help of the substitution 

( 1 -f e cos 0){l—e cos (p) = 1 — e*.] 


19. Trace the curve 20 = (a/r) -f (r/a), and show that the area bounded 
by the radius vector 6 = and the two branches wliich touch at the point 
r = a, 0 = I, ia fa2(/?*- 1)«. (Math. Trip. 1900) 


20. Trace the curve whose equation is 

r*(a* + 6* tan* J^) = a*, 

where o > 6 > 0, and prove that its area is 7ra*/(a + 6). (Math. Trip. 1932) 


21. A curve is given by an equation p = /(r), r being the radius vector 
and p the perpendicular from the origin on to the tangent. Show that the 
calculation of the area of the region bounded by an arc of the curve and 

[ prdr 

two radii vectores depends upon that of the integral J y _ ^ 2 '^ * 


MISCELLANEOUS EXAMPLES ON CHAPTER VI 

1. A function /(x) is defined as being equal to l+x when x^O, to x 
when 0<x<l,to2-x when 1 ^ x ^ 2, and to 3x - x* when x > 2. Discuss 
the continuity of/(x) and the existence and continuity of f\x) for a? = 0, 
X = 1, and X = 2. (Math. Trip. 1908) 
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2. Denoting a, ax-hb, ox* + 26a; -f- c, ... by Uj, ..., show that 

ujwj — 3woWi Wj + 2u\ and UQU^ — + 3ul are independent of x. 

3. If Oq, Oi, ..., a^n are constants and U^. = (aQ,ai, ...,arX^» then 

U,U,„-2nL\ U,U,„_,-...+ U,„Uo 

is independent of x. {Math. Trip. 1896) 

[Differentiate and use the relation C7' = rC7,._i.] 

4. The first three derivatives of the function arc sin {{l sin x) — x, where 
> 1 , are positive when 0 ^ x ^ \tt. 

6 . The constituents of a determinant are functions of x. Show that its 
differential coefficient is the sum of the determinants formed by differ- 
entiating the constituents of one row only, leaving the rest unaltered. 


6 . If /ii/a./ai/i are polynomials of degi*oe not greater than 4, then 

/i /a /a fx 
/i /a /a f I 

f\ n /; /: 

/ m rill elll rtn 

1 J •! J$ Jx 

is also a polynomial of degree not greater than 4. [Differentiate five times, 
using the result of Ex. 5, and rejecting vanishing determinants.] 

7. If j/z = 1 and Vr = {^ I'f') T)ly, z, = (Ifsl) D‘^Zy then 

J z Zi zj ^ • i y> y> 

^ 2i zj -3 y \ Vi vi 

Zj Zj, Z 4 {Math. Trip. 1905) 


8 . If W{yy z, u) = 

respect to x, then 


, dashes denoting differentiations with 


y z u 
y' z' u' 
2 /" w" 


W{yyZyU) = 2 /*TT( 1 ,* 


y y 


9. If ox* + 2/ixi/ + 6^2_|_ 2 j7x-1- 2/1/ + C = 0, 

dy ax-\-hy + g d^y abc-\-2fgh — af^ — hg^~c]i* 

dx hx-\-by-\-f* dx* {hx -k- by f Y 


10. If j/* + 3yx + 2x* = 0, then x*( 1 + x*) t/*' — Ixy' + ?/ = 0. 

{Math, Trip, 1903) 
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11 . Verify that the differential equation y = + — 

where y^ is the derivative of y, and ^ is the function inverse to (j)\ is 
satisfied hy y = </){c) + (f>{x — c) or by 2/ = 2 (f)(^x). 

12. Verify that the differential equation y = {xj\lr(y^)) whore 

the notation is the same as that of Ex. 1 1, is satisfied by y = c(/){xlc) or by 
y = fixy where /? = (p{oc)/a and a is any root of the equation 

(p{oi) — a(j)' {a) = 0. 

13 . If dx + hy -\-c = Oy then 2/^ = 0 (suffixes denoting differentiations 
with respect to x). We may express this by saying that the general differ- 
ential equation of all straight lines is = 0 . Find the general differential 
equations of (i) all circles wdth their centres on the axis of x, (ii) all para- 
bolas with their axes along the axis of x, (iii) all parabolas with their axes 
parallel to the axis of t/, (iv) all circles, (v) all parabolas, (vi) all conics. 

[The equations are (i) l+2/i + y»/a = 0 , (ii) 2/^2/?/, = 0 , (iii) 1/5 = 0, 
(iv) (l+2/r)2/8 = (v) 51/3 = 33/2J/,, (vi) 9 i/t i/j - 451/21/31/1 + 40?/3 = 0 . 

In each case we have only to write down the general equation of the curves 
in question, and differentiate until we have enough equations to eliminate 
all the arbitrary constants.] 


14 . Show that the general differential equations of all parabolas and 
of all conics are respectively 

D;(,V2-«) = 0, Dl(y,-\) = 0. 

[The equation of a conic may be put in the form 
y = ax + b± -j- 2^x + r). 

From this we deduce 

= + {pr~q^) (px^-f 27X-f r)-*. 

If the conic is a parabola, then p = 0 .] 


dy 1 d'^y 1 d^v ^ d*y u / 7 j 

16 . Denotmg — , — -r. / a’ T, j x* •* 

dx 2 ! (ix* 3 ! dx^ 4 1 dx^ 

dx 1 d*x 1 d®x 1 d^x i 4 .u i. 

dy* 2\dy^* 3!d2/3 V.dy^* ^ ^ 

4 ac — 66* = ( 4 ay — 6/?*)/r®, bt — a^ = — (/?t - 
Establish similar formulae for the functions a^d — Zabc — 26 ^, ( 1 + 6 — , 

2c^ — 6a6. 


10. If 2/ = cos (m arc sin x), and t/n is derivative of i/, then 

(l-x*)y„+,-(2n-fl)xy„+i + (m*-n*)y„ = 0. 

(Math. Trip. 1930 ) 

[Prove first when n = 0, and differentiate n times by Leibniz’s theorem.] 

i8-j 
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17. Prove the formula 

t)X>;u = Dl(uv)-nDl-\uD,v) + -~^ DT\uDlv)- 

where n is any positive integer. [Use the method of induction.] 

18. Show that 

2n! 

KdxJ 

where and are defined as in Ex. xlvi. 5. 

[Math. Trip. 193G) 

19. Prove that 


d \*" sin X 

— ) = -- -- cos X - C'„„(x) sin x}, 

X X“ 


(- 

\dx. 


( — l\n v-1 '2v\ 

x = J (2y — 2r)2" COS 2(i^ — r) X. 

{Math. Trip. 1928) 

20 . If 2/ = ( 1 — arc sin x, where — 1 < a: < 1 and — < arc sin x < J 77 , 

(l-»^'“)2/»+i-(2n + l)xy„-n‘y„_i = 0, 

suffixes denoting differentiations with respect to X. {Math. Trip. 1933) 


21. If 1 / = (arc sinx)2, then 

Hence find the values of all the derivatives of y for x = 0. 

(Math. Trip. 1930) 

22. A curve is given by 

X = o(2cosi + C03 2^), y = a(2 8inf — sin 2f). 

Prove (i) that the equations of the tangent and normal, at the point P 
whose parameter is t, are 

xsin + 2 /COS = a sin ;]<, xcosj^ — ysin \t = 3a cos it\ 

(ii) that the tangent at P meets the curve in the points Q, R whose para- 
meters are — and it — (iii) that QR = 4a; (iv) that the tangents at Q 
and R are at right angles and intersect on the circle x^ + ?/* = a^*; (v) that 
the normals at P, and R are concurrent and intersect on the circle 
1 /* = 9a*; (vi) that the equation of the curve is 

(x* + 2/* + 1 2ax + 9a*)* = 4a(2x + 3a)*. 

Sketch the form of the curve. 


23. Show that the equations which define the curve of Ex. 22 may be 
replaced by £/a = 2u + u“*, rjja = 2u~^ + w“, where f = x + t/i, rj = x — yi, 
u = Cis t. Show that the tangent and normal, at the point defined by u, are 
u*^-ui 7 = a(u*— 1), u*gH-u^ = 3a(u*+ 1), 
and deduce the properties (ii)-(v) of Ex. 22. 
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24. Show that the condition that x* + 4px® — 4g'a: — 1 = 0 should have 
equal roots may be expressed in the form (p q)^ — {p — q)^ = 1. 

{Math. Trip. 1898) 

26. The roots of a cubic J(x) = 0 are a, y in ascending order of magni- 
tude. Show that if (a, and (y?, y) are each divided into six equal sub- 
intervals, then a root of/'(x) = 0 will fall in the fourth interval from P on 
each side. What will be the nature of the cubic in the two cases when a root 
oi f'{x) = 0 falls at a point of division? (Math. Trip. 1907) 

26. If <p{x) is a poljTiomial, and A is real, then there is a root of 

(l)'{x) + X(l){x) = 0 

between any pair of roots of ^(x) = 0. 

[Argue £LS in Ex. xni. 10.] 

27. If a and P are successive roots of ^ = 0, then the number of roots of 
<f>' X<f> = 0 between a and P (each counted according to its multiplicity) 
is odd. 

If the roots o^ (f) = ^ are all real, then those of = 0 are all real; 

and if the former are also all simple, so also are the latter. 

(Math. Trip. 1933) 

28. Deduce from Ex. 27 that 



has n real simple zeros, all lying between — 1 and 1. (Math. Trip. 1933) 

29. Investigate the maxima and minima of /(x), and the real roots of 
f(x) = 0,/(x) being either of the functions 

X — sin X — tan a( 1 — cos x), x — sin x — (a — sin a) — tan ^a(cos a — cos x), 
and CL an angle between 0 and 77. Show that in the first case the condition 
for a double root is that tana — a should bo a multiple of 77. 

30. Show that by choice of tlie ratio A : /^ we can make the roots of 

X(ax^-\-hx-\-c)X- fi(a'x'^-\-h'x-\-c') = 0 real and having a difference of any 
magnitude, unless the roots of the two quadratics are all real and interlace; 
and that in the excepted case the roots are always real, but there is a lower 
limit for the magnitude of their difference. (Math. Trip. 1896) 

[Consider the form of the graph of the function 
(ax* -f 6x + c)l(a'x^ + b'x -j- c') : 
cf. Exs. XLvi. 13 c/ seq.l 

sin nx 

31. Prove that 7t<- .^4 

x(l-x) 

when 0<x< 1, and draw the graph of the function. 
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32. Draw the graph of the function 

1 1 

TT cot TTX . 

X X— 1 


33. Sketch the general form of the graph of y, given that 
dy _ (6x2 + x-l)(x-l)2(a;+l)» 
cix X* 


(Math. Trip. 1908) 


34. A sheet of paper is folded over so that one comer just reaches the 
opposite side. Show how the paper must be folded to madte the length of 
the crease a maximum. 


35. The greatest acute angle at which the ellipse (x*/o*) + = 1 

can be cut by a concentric circle is arotan{(a* — 6*)/2o6}. 

(Math. Trip. 1900) 


36. In a triangle the area A and the semi -perimeter 8 are fixed. Show 
that any maximum or minimum of one of the sides is a root of the equation 
8(x — 8) -H = 0. Discuss the reality of the roots of this equation, and 
whether they correspond to maxima or minima. 

[The equations a + 6 + c=25, 5(.9 — o) (5 — 6) (5 — c) = d® determine o 
and 6 as functions of c. Differentiate with respect to c, and suppose that 
dajdc = 0. It will bo found that b = c, 8 — b = 8-~c = ^a, from which we 
deduce that 8{a — s) + 4d* = 0. 

This equation has three real roots if fl*>27d*, and one if «*<27d*. 
In an equilateral triangle (the triangle of minimum perimeter for a 
given area) s* = 27Zl*; thus it is impossible that fi*<27zl*. Hence the 
equation in a has three real roots, and, since their sum is positive and their 
product negative, two roots are positive and the third negative. Of the 
two positive roots one corresponds to a maximum and one to a minimum.] 


37. The area of the greatest equilateral triangle which can be drawn 
with its sides passing through three given points A, B, C \a 

a, 6, c being the sides and d the area of ABC. (Math. Trip. 1899) 


2d + - 


38. If d, d' are the areas of the two maximum isosceles triangles which 
can be described wdth their vertices at the origin and their base angles on 
the cardioid r = a(l H-cosd?), then 25Gdd' = 2ba^^b. (Math. Trip. 1907) 

39. Find the limiting values which (x* — 4?/ + S)l(y^ — 6x + 3) approaches 

as the point (x,y) on the curve x^y — 4x^ — 4xy -|- y* d- 1 6x — 2?/ — 7 = 0 
approaches the position (2,3). (Math. Trip. 1903) 
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[If W 6 take ( 2 , 3) as a new ori^n, the equation of the curve becomes 
= 0 , and the function given becomes 

(C* + 4 J - 4i;)/(j;* + 617 - 0^). 

If we put 7) = t.^, we obtain f = (1 j; = 1 — (». The curve has a loop 

branching at the origin, which corresponds to the two values i = — 1 and 
i = 1. Expressing the given function in terms of t, and making t tend to 
— 1 or 1 , we obtain the limiting values — — J.] 

40. If f{x) = - ; \ , 

sinx — sina {x — a)co^a 

d 

then — { lim f(x)} — lim f'{x) = J sec^ a — sec a. 

x-^a x~^a 

(Math. Trip. 1896) 


41. Show that if ^(:r) = 1/(1 then = Qn(j-)/(l 

where Qn(^) polynomial of degree n. Show also that 

(i) g,+i = (l+®*)Q;-2(n+l)i(2„ 

(ii) Qn+i + 2(n + 2) xQ^^i 4- + 2) (n -f- 1) ( 1 4- 3-“) (3„ = 0, 

(iii) {l-\-x^) Ql-2nxQ'^ + n{n-^l)Q„ = 0, 

f (n-h J) ft (n — 1) ] 

(iv) = ( - 1 )" n ! j(n + 1) x” - ^ ^-y- - — ^ x-* 4 • • . 

(v) all the roots of = 0 are real and separated by those of =3 0. 


42. If/(x), (^(x), and i//'(x} satisfy the conditions of §§ 126-8 concerning 
continuity and differentiability, then there is a value of £, lying between 
a and 6 , such that 

= 0 . 


/(«) 

4>(a) 


/(6) 

,^(b) 

>1/(1) 

rii) 

<l>%) 

rn) 


[Consider the function formed by replacing the constituents of the third 
row by/(x), 0(x), ^(x). This theorem reduces to the mean value theorem 
(§ 126) when 0 (x) = x and V^(x) = 1 .] 

43. Deduce the theorem of § 128 from Ex. 42. [Take ^(x) = x.] 

44 . If (f>{x) and }J/(x) satisfy the conditions of § 128, and ^'(x) never 

vanishes, then ... 

^(g)- ^(o) ^ 0 (5) 

v^(6)-?(i) rio 

for some £ of (a, 6). {Math. Trip. 1928) 

[Apply Rollers theorem to {^(x) — ^^(o)} {^( 6 ) — V^(x)}.] 
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45. If <j>(x) is continuous for a^x<b, exists, and ^'^(a:)>0 for 

a<a;<6, then 

x — a 


increeises steadily and strictly for a<x<b. 


{Math. Trip. 1933) 


46. The functions f{x) and g{x) are continuous for O^x’^a and 
differentiable for 0<a;<a; /(O) = 0, (/(O) = 0; and J'{x) and g'(x) are 
positive. Prove that 

(i) increases with x, then f{x)jx increases with a:, 

(ii) if/'(a;)/^'(a:) increases with x, then f(x)lg(x) increases with x. 
Prove that the functions 

X Jx* \x^ 

sinx 1— cosx X — sinx’ 


increase steadily in the interval 0 < X < |7r. (Math. Trip. 1934) 

[See Hardy, Littlewood, and Polya, Inequalities, p. 106.] 


47. A function f(x) possesses a differential coefficient f'(i) at x = ^. 
Prove that + _/(g_ fc) 

4>(h,lc) = / (i) 


tends to zero if h and k tend to zero simultaneously in any way through 
positive values. 

Prove also that, if/'(x) is continuous in an interval including then we 
can omit the word ‘positive ’, and suppose only that h-\-k^0. 

Finally prove, by considering the function 

/(0) = 0, (x + 0). 


that we cannot remove the restriction in the general case. 

(Math. Trip. 1923) 

[For the first part, use the identity 

^ I — -k — ^ 


and the inequalities h<h + k, k<h-\-k. For the second, use the mean 
value theorem. For the third, take 

f = 0, h =z j , k — — n~^, 

where n is a positive integer.] 

48. K (f>'{x)-ra os x->-oo, and o4=0, then 0(x)~<ix. If o = 0, then 
(f>{x) = o(x). If (p'{x) -r 00 , then <f>{x) -►oo. [Use the mean value theorem.] 

49. If (f)(x) -► a as X -► 00 , then (/>'(x) cannot tend to any limit other than 


zero. 
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50. If fj>(x) + 0'(a:) -► o as a; oo, then 0(x) a and (^'(x) -> 0. 

[Let (j)(x) = a+^(a;), so that -► 0. If v^'(a*) is of constant 

sign, say positive, for all sufficiently large values of a;, then ^(x) steadily 
increases and must tend to a limit I or to oo. If \p'{x) -> oo then v^'(x) — oo, 

which contradicts our hypothesis. If \lf{x) -► I then ^jr'ix) -^ — l, and this 
is impossible (Ex. 49) unless 1 = 0. Similarly we may dispose of the case 
in which V^'(x) is ultimately negative. If ijr'{x) changes sign for values of x 
which surpass aU Limit, then these are the maxima and minima of ^(x). 
If X has a largo value corresponding to a maximum or minimum of ^{x), 
then ^(x) -f i^'{x) is small and \/f'(x) = 0, so that ^{x) is small. A fortiori 
the other values of \lr(x) are small when x is large.] 

61. Show how to reduce fl^ix, / - M dx to the 

J I V \mx-i-n/ v \mx-hn/J 

integral of a rational function. [Put mx-hn = l/t and use Ex. xlix. 13.] 


62. Calculate the integrals: 


h 


dx, i — : — , fcoseo X Jlaeo 2x) dx, 

y (2 — sin* x) (2-1- sin a: — sin* x) J 


6 cos a: 4- 6 


2 cos X + sin a: + 3 
dx 


f — , f-~—^^dx, [arcsecxdx, /(arc sin a:)* da:, 

y ^{(1 H-sina:) (2-f-sinx)} yi-f-cosx J J 

f fxBiTcamx f&rctiinx / log (a* 4-/?^a:*) 

jr^rosinzdx. j / j — 'lei 


63. Calculate 


p-i 
; i+i 


dx 


lV{x(a:*-fx4-l)} 
by means of the substitution = x + 1 +x~h 
64. Prove that 

1.3...(2M-l)r 


{Math. Trip. 1931) 


Jx^’'+^^{l-x’‘) 2.4... 2r» L 

-(s 


1 2 1 2.4 ... (2n-2) 1 

‘*'3x*’^"‘"*^3'.5Tr(2n- l)i“" 


2.4... 2n 




3.5...(2n+l) 


{ 


1 1 

O ^8 


1.3...(2n-l) 1 

2. 4 ... 2n 


X -1 - + ^ + • ■ • + o'd o„' '^Vu+l ( ^ 


n being a positive integer. 


{Math. Trip. 1931) 
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55. Formulae of reduction, (i) Show that 
dx 




l(x^- 


dt 1 f t^dt 


(x^-^px + q)* 

x+^p dx 

{x^ -\-px-hq)^~^'^ ^ J (x^ -hpx-j-q)^~^* 

[Put x-hip = tf q — ip^ = A: then we obtain 
f dt _ 1 

“ A 7(^2 + A)" 

1 dt 1 r 

“ A ; + 2A(n-]) r U<’ + A)" 

and the result follows on integrating by parts. 

A formula such as this is called a formula of reduction. It is most useful 

f dx 

when n is a positive integer. We can then express /- 

J 

dx 


f- 


1 


7:=i 


I {x^ px q)" 


in terms of 


k 


— - , and so evaluate the integral for every value of n in turn.] 
{x^+px-]-q)”-^ * 

(ii) Show that if 1^,^= jx^(l +xy dx then 

and obtain a similar formula connecting I ^ with /p_i, g^i. Show also, by 
means of the substitution x = — y/(l + y), that 


f dx 

(iii) If u_ = — , then 

' ^ " J{x^+ir 


(iv) If/, 


(2n-2)w„-(2n-3)w„_i = x{x^+ 1 

{Math. Trip. 1936) 
dx 




, then 


7(x2+l)" 

2(n- 1) = - a:— 1 )-<"-« +(m- 1) 

(v) If /„ = jx** cos fixdx and J„ = jx^^sin^xdx, then 
= x” s'm fix — nJ „_i, fiJn = —x^ cos fix + 

(vi) If /„ = Jcos”xdx and J„ = jsin^xdXf then 

nl^ = sin x cos"-^ x-\-(n-\) nJ^ — — cos x sin"-^ 4- (n - 1 ) 

(vii) If = jtan” xdx, then (n— 1) (7„ + l^-^) — x. 
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(viii) If , = COB”* X ain" xdx, then 


(m + n) - cos»"+i X sin"-i a; + (n - I ) 7^ 

= cos^-^a: 8in"+ia: + (m- 1) 7^_,, 


[W© have 

f d 

(m+ 1) dm,n = “ /sin"-^X— (co3™+^ x)dx 
J ax 

= — cos"*"^^ X 8in"“^ x + (n— 1) jcoa”*'^^x sin"”* xdx 

= _ 005”*+! X sm"-i a; + (n - 1 ) (7^. „_2 - 7^, „), 
which leads to the first reduction formula.] 

(ix) Connect 7„, „ = jmiV” x auinxdx with {Math. Trip. 1897) 

(x) If lm,n — jx”* cosec” xdx, then 

(n - 1 ) (n - 2) 7„, „ = (n - 2)* 7„, „_j, + m{m - 1 ) 7^_j, 

— x"*”^ cosec""^ X {7>i sin x + (n — 2) x cos x}. 

(Math. Trip, 1896) 

(xi) If J„ = l^(a + b cos x)”" dx, then 

(n- l)(a* — 6*) 7„ = — 6 sinx(a + 6cosx)“<"”^-}- (2n - 3) a7„_i - (n - 2)7„_j. 

(xii) If 7„ = y(aco3*x4- 2/icosxsinx4-6sin*x)-"dx, then 

d^l 

4n(n+ 1) (ab — h^) 7„^.j — 2n(2n+ 1) (o + b) i 4- 4n*7„ = ■" 

{Math. Trip. 1898) 

(xiii) If/„,, = yi™(loga;)"(iE, then (m+ !)/„,„ = x’"+'(Iogx)"-n/„,„.,. 

66. If n is a positive integer, then the value of jx^Hog x)" dx is 

(•(logx)" n(logx)"-i n(n - l)(lo g x)"-* , (- I)"nl ] 

67. The area of the curve given by 

sin a sin c5 . . sinixcos^ 

X = cos 6 H — , — ■ » J/ ~ ^ 9 » 

^ 1 _ cos* a sm* (j> 1 - cos* a sin* (p 

where a is a positive acute angle, is \7t( \ -|-sma)*/sin a. 

{Math. Trip, 1904) 
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68. The projection of a chord of a circle of radius a on a diameter is of 
constant length 2a cos/?; show that the locus of the middle point of the 
chord consists of two loops, and that the area of either is a*(y? — cos /? sin /?). 

(Math. Trip. 1903) 

69. Show that the length of a quadrant of the curve (a?/a)* + (ylh)^ = 1 

is (a^ + a6-|-6^)/(a + 6). (Math. Trip. 1911) 

60. A point A is inside a circle of radius a, at a distance h from the 
centre. Show that the locus of the foot of the perpendicular drawn from 
A to a tangent to the circle encloses on area 7r(a* + i^-). 

(Math. Trip. 1909) 


61. Prove that, if (a, 6, c,/, g, h^Xy t/, 1)* = 0 is the equation of a conic, 

fchen , _ _ 

dx PT 

, = CL loCT ' + 

\ (lx my n) (hx + by f ) ^ pp' 


k 


where PT, FT' are the perpendiculars from the point P of the conic 
whose coordinates are x and y on to the tangents at the ends of the chord 
Ix-t-my + n = 0, and a, jd are constants. (Math. Trip. 1902) 


62. Show that 


I-- 

JiA:, 


ax^ 4- 2bx -f- c 


(Ax^+2Bx+C)^ 


dx 


will be a rational function of x if and only if one or other of AC — and 
aC + cA — 2bB is zero*. 


63. Show that a necessary and suflicient condition that 


j{F(x)y 


dx. 


where / and F are polynomials of which the latter has no repeated factor, 
should be a rational function of x, is that f' F' —fF" should be divisible 
by F. (Math. Trip. 1910) 


64. Show that 


/ 


a cos X sin X -h y 
(1 — ecosic)’^ 


dx 


is a rational function of coax and sinx if and only if ae + y = 0; and 
determine the integral when this condition is satisfied. 

(Math. Trip. 1910) 

• See the author’s tract quoted on p. 254. 
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ADDITIONAL THEOREMS IN THE DIFFER- 
ENTIAL AND INTEGRAL CALCULUS 

150. Higher mean value theorems. We proved in § 126 
that if f{x) is continuous for a^x^b, and has a derivative /'(x) 
for a < X < 6, then 

m-f(a)^{b-a)f\i), 
where a<^<h] or tliat 

/(a + h) -f(a) = hf {a + 0Ji) ( 1 ), 

where 0 < < 1. 

We now impose further restrictions onf{x). We suppose that 
f'{x) is continuous for a^x^b, and that/"(a:) exists for a<x<b; 
and we consider the function 

f(b) -fix) -(b- x)f'(x) - (Jra)' 

This function vanishes when x = a and when x = b, and its 
derivative is 

{/(;>) -/(a) - (<> - «)/'(«) - 

[0 a) 

and this derivative must vanish for some value of x between 
a and 6. Hence there is a value ^ of x, between a and b, 
and therefore representable as ai-d^ib — a), where 0 < 02 <l, for 
which 

fib) = fia) + ib- a)f'ia) + ^b - «)=/’(?)• 

If we put b = a-\-h, we obtain the equation 

=/(a) + A/'(a) + (2), 

which is the standard form of what may be called the meun value 
theorem of the second order. 



286 ADDITIONAL THEOREMS IN THE CALCULUS [VU 

We have aasumed about /'(x) what we assumed about <f>{x) in § 120, 
that is to say continuity in the closed and differentiability in the open 
interval (a, 6). Incidentally we have assumed the existence of f'(a) and 
/'(6), and this assumption is, as it stands, one involving values of f{x) 
for values of x outside (a, b), to the left of a and the right of b. It may 
happen in applications that/(x) is not defined outside (a, 6). We must 
then understand that /'(«), for example, is defined with reference only to 
values of a; in (o, 6), i.e. that 

/(a)= l)m . 

A-o-t 0 

This convention is parallel to that which we laid down concerning con- 
tinuity at the end of § 99. 

The same point arises, for liigher derivatives, in the next theorem. 

The analogy suggested by (1) and (2) leads us to formulate the 
following theorem. 

Taylor’s or the general mean value theorem. If 

is continuous for a^x<hy and exists for a<x<by then 

f{b) = f(a) + (6 - a)f'(a) + ~ f f"(a) + ... 




where a<^<b\ and if b = a 4- A, then 

f(a -\-h) = f{a) + hf'{a) -f ^h"f"{a) 4- ... 


where 0<6„ <1. 




The continuity of f^^~'^\x) natiu-ally involves that of f{x), 

fix), 

The proof proceeds on the same lines as in the special cases in 
which 71 = I and n = 2. We consider the function 




where 


Fnix) = J{b) -fix) - (6 - X)f'ix) - ... - 
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This function vanishes for a: = a and a; = 6; its derivative is 


(b-a)^ 

and there must be some value of x between a and b for which 
the derivative vanishes. This leads at once to the result. 


Examples LV. 1. Suppose that f{x) is a polynomial of degree r. 
Then f^^\x) is identically zero when n>r, and the theorem leads to the 
algebraical identity 

/(o + fc) = /(a) + A/'(a) + /'(a) + . . . + /‘''’(a). 


2. By applying the theorem to J(x) = Ijx, and supposing x and x-\-h 
positive, obtain the result 


[Since 


1 

x-\- h 

1 


h 

“ O + 3 ' 


(_ ])n-l/,n-l (_ 

’ .r" 


_ 1 h 

x-^ jh X X^ X-* 


(- 1)'‘- 


(- 

■ 4- 




x" x"(x-hh) 

we can verify the result by showing that x”(x + h) can be put in the form 
or that x"(x-hh) lies between a:”-*-! and + 


3. Obtain the formula 

sin (a; + /i) = sin x-^h cos x — -- sm ^ ~ + • . . 

/^2?i -1 Ji^2n 

4.(_l)r»-i cosa7 + ( - 1)'’ ^ - sin (a74-^2n^). 

' ’ (2/t- 1)! 2n! 

the corresponding formula for cos {x-\-h), and similar formulae involving 
powers of h extending up to 

4. Show that if m is a positive integer, and n a positive integer not 
greater than m, then 

(a;4-^)”* = .T"’4- + + f ^ + ( ) (a: + 

\1/ vn-1/ \nj 

Show also that, if the interval (x, x-\-li) does not include x = 0, the formula 
holds for all rational values of m and all positive integral values of n; and 
that, even ifx<0<x + /iorx + /K0<x, the formula still holds if m — n is 
positive. 

6. The formula f{x + h) = f(x) + hj'(x + h) is not true if/(x) = Ijx and 
x<0<x+^. [For /(x-f ;i)-/(x)>0 and hj'{x + 0^h) = -hjix + O^h)^ 
it is evident that the conditions for the truth of the mean value theorem 
are not satisfied.] 
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6. If a; = — a, A = 2a,f{x) = then the equation 
J(x-\-h) =f(x)-\-hf\x-\-dyh) 

is satisfied by J ± ’iV [This example shows that the result of the 
theorem may hold even if the conditions imder which it was proved are 
not satisfied.] 


7. Newton’s method of approximation to the roots of equations. 

Let f be an approximation to a root of an algebraical equation f{x) = 0, 
the actual root being £ 4- A. Then 


0 =M)+hm) + \hT{i^o,h). 

.. . , J(i) 

so that A = — *A* - — 

provided that 


/'(£) 


fU) 


If the root is a simple root, and A is sufficiently small, then there is a 
positive K such that \J'{x) |>ii^ for all the values of x which we are 
considering; and the root is 




/(f) 

’n^) 


+ 0(h*) = i^ + 0(h^). 


say. Thus is a better approximation to the root than 

We can repeat the argument, taking in the place of and so obtain 
a series of still better approximations with errors O(A^), 0(A*), 


8. Apply this process to the equation x* = 2, taking ^ | as the 

first approximation. [We find = 1-417..., which is quite a good 

approximation, in spite of the roughness of the first. If now we repeat 
the process, we obtain = 1-414215..., which is correct to 6 places 

of decimals.] 


9. By considering in this way the equation — 1 — i/ = 0, where y is 
small, show that 


10. Show that the root of the equation in Ex. 7 is 


(the argument of every fimction being 5). 

11. The equation sin x = ox, where a is small, has a root nearly equal 
to 77. Show that (1— a)77 is a better approximation, and (1 — a + a*)77 a 
bettor still. [The method of Exs. 7-10 does not depend on/(x) = 0 being 
an algebraical equation, so long as /' and f* elto continuous and /'(^) 4= 0.] 

12. Show that if is continuous then the limit of the number 

which occurs in the general meein value theorem, when A -►0, is l/(n-|- 1). 
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[Forfix + /i) is equal to eaoh of 

f{x) + ...+ -fKx + e„h), f(x) + . . . + h), 

where as well as 9„ lies between 0 and 1. Hence 


f’'\x + 0„h) =/<">(x) + - 


fl -f- 1 


But if W6 apply the original mean value theorem to the function 
taking d^h in place of h, we find 

-\-dJi)= f-\x) + d, 4- 00,, h), 

where 0 also lies between 0 and 1 . Hence 

n-f 1 * 


0„f-+^\x + 00M = 


from which the result follows, since + 00 „h) and 

tend to the same limit when h 0.] 


151. Another form of Taylor’s theorem. There is 
another form of Taylor’s theorem in which we assume less than 
in § 150. 

Suppose that/(x) has n derivatives /'(a), at a; = a. 

The existence of at any point involves the existence of 

in an interval including the point, and its continuity at 
the point ; so that the first n — 2 derivatives are continuous in 
an interval including x = a, and the {n— l)th at a; = a. But we 
do not assume even the existence of the nth derivative at any 
point except x = a. 

Suppose first that h^O, and wTite 

I'M = /{a + h) -f(a) - hfia) - ... - /(»-»(«). 

Then F^(h) and its first n- 1 derivatives vanish for A = 0, and 
=f(^^\a). Hence, if we write 

= -{/<"'(«)- < 5 }. 

where 6 is positive, we have 

G'(0) = 0, O'(0) = 0, = G(^^(0) = ^>0. 

It follows from the last two equations, and Theorem A of § 1 22, that 
is increasing at A = 0, and is positive for small positive A. 


H P M 


19 
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Next, = 0, and > 0 for small positive A; and 

therefore, by Cor. 1 of § 122, for small positive A..* 

Repeating the argument, we find successively that 
..., and finally G(h), are positive, i.e. that 

for small positive A. 

Similarlyl we can prove that 

F^{h)<~^{r{a) + S} 

for small positive A; and in these inequalities S is an arbitrary 
positive number. It follows that 

where 17 0 when 0 through positive values. 

We can treat negative values of h similarly, and arrive at the 
following theorem. 

If f(z) has n derivatives at x = a^ then 

(1) f(a + h) =/(a) + V'(a) + ... + ^^^,/<"->) + ^{/(")(a) + 7/}, 
where with h. 

We can also write (1), in the notation of § 98 , as 

(2) f{a + h)= f(a) + hJ’{a)+... + 

We could also deduce this from the theorem of § 160 , but only by 
assuming the continuity oif^'^\x) for r = a. 

Examples LVI. 1. Show that if 

OoH-OiX+ ... +a„a:"H-o(a:") = bQ-\-biX-j- ... + o(a;") 

when a: -► 0, then = 65, = b^, ..., a„ = 6„. 

[Making x-^ 0 , we see that Oq = 60. Now divide by rr, and make a? -► 0 ; 
repeating the process ad often as is necessary. 

• Or > 0, by the mean value theorem, 

t Changing the sign before $ in the dehnition of G{h). 
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It follows that if J{x) has n derivatives at a: = a, and 
/(a + /i) = Co4-Ci/i + ... + 
then Cq, Cl, ... have the values in (2).] 

2. Prove that 

if the right-hand side exists. 

3. Prove that ^/'(a) 

if the right-hand side exists. {Math. Trip. 1925) 

4. Prove that 6 + ^0^ ^0(0^) 

for small 6. (Math. Trip. 1936) 

6. Prove that if sinx = xy^, and x and y — 1 are small, then 
y = 1 -t' 2 X* + tAt^x^ + o(x-), x 2 = - l2{y-l)-\-Uy- l)“ + o{(2/- 1)*}. 

(Math. Trip. 1934) 

152. Taylor’s series. Suppose that f[x) is a function 
which has differential coefficients of all orders in an interval 
{a — rj^a + T]) surrounding the point x = a. Then, if h is numeri- 
cally less than rj, we have 

/(a + A) = /(a) + /./'(«) + ... + -^~j, /'-“(a) + + 0„h). 

where 0 < < I, for all values of n. Or, if 

5n="2 + 

0^1 'f' ■ 

we have f{a -{-h) — Sj^ = 7?,^. 

Now let us suppose, in addition, that R^-^0 when n-yco. Then 

f(a-\-h) = lim = f(ct) + hf'(a)-\- 

n-^oo 

This expansion of f{cL + h) is known as Taylor s series. When 
a = 0 the formula reduces to 

/W=/(0) + ¥'(0) + ^r(0) + ..., 

which ifl known as Maclaurin^s series. The function is known 
as Lagrange^ s form of the remainder. 
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The reader should be careful to guard himself against supposing that 
the existence of all the derivatives of/(x) is a sufficient condition for the 
vahdity of Taylor’s series. A direct discussion of the behaviour of is 
essential. 

(1) The cosine and sine series. Let f{x) = sin a;. Then f{x) has 
derivatives of aU orders for all values of x. Also | f^^\x) | ^ 1 for all values 
of X and n. Hence in this case | 1 ^ h^jn !, which tends to zero as n -► oo 

(Ex. XXVII. 12) whatever the value of h. It follows that 

. 

sin {x + h) = sin x-\-h cos ^ ~ 2 j ^ ~ 3 1 ^ ^ + • • ■ » 


for aU values of x and h. In particular 

■ T 

Sin h ~ h 1 


for all values of h. Similarly we can prove that 

cos (a: -I- a) = coax — hsmx — -- co8a; + -^sinx4- •••» cosa = ^” 2 !^^""'* 


(2) The binomial series. Let/(x) = (1 + a:)"*, where m is any rational 
number, positive or negative. Then 

f^^\x) = m{m— 1) ... (m — n+ 1) (1 •\-x)^~^, 
and Maclaurin’s series (with x for h) takes the form 

/m\ /m\ . 

(l+x)”* = 1 + (^J jx+( 2 + •••• 

When m is a positive integer the series terminates, and we obtain the 
ordinary formula for the binomial theorem with a positive integral 
exponent. In the general case 

X^ /fT%\ 

Rn = ~f^^\0^x) = IX”(1+/9„X) — ", 

n ! \n/ 

and in order to show that Maclaurin’s series really represents ( 1 + x)”* 
for any range of values of x when m is not a positive integer, we must 
show that R„-^0 for every value of x in that range. This is in fact so if 
— 1 < x < 1, and may be proved, when 0 ^ a: < 1, by means of the expression 

given above for since (1 < 1 if n>m, and ^ as 

fi -►oo (Ex.xxvii. 13). But a difficulty arises if — 1 < a: <0, since 1 1 

and (1 + > 1 if n>m; knowing only that 0<^„< 1, we cannot be 

sure that 1 + is not quite small and (1 -f 0„x)^-” quite large. 

In fact, in order to prove the binomial theorem by means of Taylor’s 
theorem, we need some different form for R^, such as will be given later 
«167). 
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153. Applications of Taylor’s theorem. A. Maxima 
and minima. Taylor’s theorem may be applied to give greater 
theoretical completeness to the tests of Ch. VI, §§ 123 , 124 , 
though the results are not of much practical importance. It will 
be remembered that, assuming that has derivatives of the 
first two orders, we stated the following sufficient conditions 
for a maximum or minimum of at x = ^: for a maximum^ 

= 0, 0"(^)<O; for a minimiim, ^'(^) = 0, It is 

evident that these tests fail if as well as is zero. 

Let us suppose that <P[x) has n derivatives 
and that aU save the last vanish when x = Then 

by ( 2 ) of § 151 , and this has to be of constant sign for all small h, 
positive or negative. This evidently requires that n should be 
even; and if n is even there will be a maximum or a minimum 
according as is negative or positive. 

Thus we obtain the test: if there is to he a maximum or minimum 
the first derivative which dors not vanish must be an even derivative^ 
and there will be a maximum if it is negative^ a minimum if it is 
positive. 

Examples LVII. 1. Verify the result when (p[x) = [x — a)^, m being a 
positive integer, and ^ = a. 

2. Test the function [x — a)"* {x — 6)", where and n are positive integers, 
for maxima and minima at the points x = a, x = b. l-)raw graphs of the 
different possible forms of the curve y = (x — a)^ (x — b)^. 

3. Tost the functions sinx — x, sinx — x+,^^, sinx — x+ — — •••» 

cosx— 1, C08X— iH — , cosx— 1+ — , for maxima or minima at 

2! 2! 4! 

X = 0. 

154. B. The calculation of certain limits. It is often neces- 
sary to calculate the limiting values of ratios which assume the 
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form ‘0/0* on substitution of particular values of a variable. 
We suppose that the value in question is a: = 0. There are various 
methods. 

(a) Suppose that f(z) and (^(x) are differentiable at a; ■= 0, and 
that/(0) = 0(0) = 0, 0'(O)#=O. Then 

f(x) = xf'(O) + o(x), <f){x) = a;0'(O) + o{x) 


and therefore 


(j}{x) 0'(O)* 


More generally, if the functions have n derivatives at x = 0, and 
the first n—l derivatives of each set vanish, while + 0, 

then, by the theorem of § 151, 


and 


fix) = + 0 {x^), f>(x) = I + o{x’‘), 

M 

0(x) ’ 


(6) It is often better to use the theorem of § 128. If f{x) and 
0(x) are continuous for 0 < x ^ A and differentiable for 0<x^h, 
f{0) = 0 and 0(0) = 0, 0(/i)=t=O, and /'(x) and 0'(x) never vanish 
for the same x, then 

for some ^ between 0 and h. 


Suppose now that 

( 2 ) 




when x-^O through positive values. Then there is an interval 
(0, ^) inside which 0'(x) does not vanish.* It follows, by the 
theorem of § 129, that 0'(x) is of constant sign for 0<x<lc] and 
therefore, by Cor. 2 of § 122, that 0(x) is of constant sign for 
0 < X < Jfc. Hence (1) is true for every positive h less than k, and 


m 


• For otherwise the left-hand side of (2) would be meaningless for an infinity of 
imall positiye values of x. 



Um ® . to gf\ 
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That is to say 

( 3 ) 

whenever the second limit exists. 

There are naturally similar theorems in which + is 
replaced by *x-^ — 0* or by and the argument may be 

repeated as often as is necessary. Thus 

1- /(^) T 

for any n, whenever (0) = 0 and (0) = 0 for 0 <v <n and 
the limit on the right exists. 

The same process shows that //^-> + oo when /'/<// -> + oo. 


If we wish to deduce (3) from the mean value theorem of § 120, we must 
assume that f'{x) and (p'{x) are continuous at x = 0 (at any rate for 
approach to 0 from the right). Then 

f(x) = xf'(O^x), 4>(x) = X(f>'(0tX), 

where 0^ eind 0^ each lie between 0 and 1. The conclusion follows because 
f\d^x) -->/'(0) and (^'(d^z) -►^'(0). 

The advantage of the procedure (6) is shown by Ex. LViii. 3 below. 
f{x) = tanx — X, <t)(x) = x — sinx, 

/(O) = /'(O) = /"(O) = 0, (pW = 0'(O) = ^^."(0) = 0, /"'(O) = 2, 0'"(O) = 1. 

and (1) gives the limit - 2. This argument requires three differentiations 

of each function. 13ut 

f'ix) sec^x— 1 o . NO 

= = sec^x ( 1 + cos x) ^ 2 

(}>'{x) 1— cosx 

and we can obtain the result much more quickly by method (6). 

There are many variants of the theorems of this section. Thus x may 
tend to a or to infinity instead of to 0; and the meaningless form of //0 
may be ‘oo/oo ’ instead of ‘O/Oh Such variations may usually be reduced 
to the standard cose by some simple substitution. 


Examples LVIII. 


1. If/ = x^sin^ ^ - X, then ^ 


0. Here 


/' - 1 1 
— = 2x Bin cos - 

({>' XX 

which oscillates when a: -► 0. Thus may tend to a limit whon/7?5' does 
not; our condition is sufficient but not necessary. 
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2 . Find the limit of 

x — 1)2;"+^ + no;"''-* 

(1—2;)^ ' 

as X -i- 1. 


3 . Find the limits os 2: -> 0 of 

tan x — x tan nx — n tan x 

* n sin X — sin nx * 

1 — 4 sin^ Ittx 


4 . 




X — sin X 
► when 2: ->► 1. 


(Math. Trip. 1932 ) 


6. Find the limit of x{^{x^ — x} as x -> 00. [Put x = l jy.'\ 

6. Prove that 


lim (2: — n) coscc xtt = 


(-1)" 1 { (-l)M (-1)"^ 

, hm cosec 2:77 ■ = , 

77 i (2: — n)77j O 


n being any integer; and evaluate the corresponding hmits involving 
cot XTl. 


7 . Find the limits as X -> 0 of 


1 / 1 2:n 

I cosec X 

x^ X G 


1 / 1 2:\ 

cot 2; 1- - . 

2:A X ZJ 


8 . (sin2:arcsinx — 2:^)/2;® -► (tanxarc tanx — 2:^)/2;® -► 5, when x-^0. 


155. C, The contact of plane curves. Two curves are 
said to intersect (or cut) at a point if the point lies on each of them. 
They are said to touch at the point if they have the same tangent 
at the point. 

Let us suppose now that /(t), 0(a:) are two functions which 
possess derivatives of all orders at x = 
and let us consider the curves y = fix), 
y = (f>{x). In general f(^) and (/){^) will 
not be equal. In this case the abscissa 
X = ^ does not correspond to a point of 
intersection of the curves. If however 
/(g) = ^(b)> then the curves intersect in 
the point x = ^,y = /(g) = ^(g). In order 
that the curves should touch at this point 
it is necessary and sufficient that the first 
derivatives f\x), (p'{x) should also have the same value when 
a; = g. 
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The contact of the curves in this case may be regarded from 
a different point of view. In the figure the two curves are drawn 
touching at P, and QR is equal to + + or, since 

to Mri^ + 0h)-r{^+dh)}. 

where 6 lies between 0 and 1 . Hence 

lim^^=iTO-/''(f)}, 

when h^O. In other words, when the curves touch at the point 
whose abscissa is the difference of their ordinates at the point 
whose abscissa is ^-\-h is at least of the second order of smallness in h. 

It is evident that the degree of smallness oi QR may be taken 
as a kind of measure of the closeness of the contact of the curves. 
It is at once suggested that if the first n—l derivatives of / and 
<f) have equal values when a; = then QR will be of the nth order 
of smallness; and the reader will have no difficulty in proving 
that this is so and that 

lim|^ = J , {«)-«))• 

We are therefore led to frame the following definition: 

Contact of the nth order. If f{^) = 0(^), /'(£) = 

then the curves y ^f{x), 
y = (j)[x) will be said to have contact of the nth order at the point 
whose abscissa is 

The preceding discussion makes the notion of contact of the 
nth order dependent on the choice of axes, and fails entirely 
when the tangent to the curves is parallel to the axis of y. We can 
deal with this case by taking y as the independent and x as the 
dependent variable. It is better, however, to consider x and y as 
functions of a parameter t. A good account of the theory will be 
found in Fowler’s tract The elementary differential geometry of 
plane curves ^ or in de la Vallee Poussin’s Cours d analyse, 6tb 
edition, vol. ii, pp. 372 et seq. 
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Examples LIX. 1. Let (j>(x) = oa; + 6, so that y = (t)(x) is a straight line. 
The conditions for contact at the point for which a; = f are /(^) = o£ + 6, 
f'(i) = a. If we determine a and 6 so as to satisfy these equations, we find 
a = b = — the equation of the tangent to y = J(x) at 

the point x = £iB y = + 

or y “/(g) = (a:-g)/'(g). Cf. Ex. xxxnc . 6. 


2. The fact that the line is to have simple contact with the curve 
determines the line completely. In order that the tangent should have 
contact of the second order with the curve we must have /^(g) = 
i.e./*'(g) = 0. A point at which the tangent to a curve has contact of the 
second order is called a point of inflexion. 


3. Find the points of inflexion on the graphs of the functions 
3a:^ — 6x*+l, 2a;/(l+x*), sinx, a cos* x + 6 sin* z, tanx, arc tan x. 


4. Show that the conic ox* -}- 2hxy + 6y* + 2gx + 2Jy + c = 0 cannot have 
a point of inflexion unless it is degenerate. [Here 

ax + /iy + y4-(/ix + 6y-f/)yi = 0 

and a + 2/iyi + 6y5 + (/ix-f 6yH-/)yj = 0, 

suffixes denoting differentiations. Thus at a point of inflexion 

a 4- 2hyy^ + by\ = 0, 

or a(hx-\-hy-\-f)^-2h(ax-\-hy-\-g){}ix-\-by-\-f)-^h(ax + hy^-g)^ = 0, 
or (ah “ h^) {ax* + 2hxy + 6y* + 2yx + 2/y} + o/* — 2Jgh + bg^ = 0. 

But this is inconsistent with the equation of the conic miless 
o/* — 2fgh + 6y* = c{ab — h*) 

or abc-^2fgh — af* — hg^ — ch* = 0; and this is the condition that the conic 
should degenerate into two straight fines.] 


6. The curve 


y = 


ax* -H 2bx -f c 


ax* 4- 2y?x 4- y 

has one or three points of inflexion according as the roots of 

ox* 4- 2 fix 4- y = 0 

are reed or complex. 

[The equation of the curve can, by a change of origin (cf. Ex. xxvi. 15), 
be reduced to the form 

e £ 


v = 


AC»+2BC+0 A(C-p){i-qV 


where p, q are real or conjugate. The condition for a point of inflexion will 
be found to be g* — Sp^g -^pq(p 4- ff) = 0, which has one or three real roots 
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according afi {pq(p — g)}* is positive or negative, i.e. according as p and q 
are real or conjugate.] 

6. Show that when the curve of Ex. 5 has three points of inflexion, they 
lie on a straight line. [The equation — ^pqi pq{p + q) = 0 can be put 
in the form {^-p) (^-q) (i + P q) + {p - q)^ ^ = 0, so that the points of 
inflexion lie on the line ^ A{p — qY 7} p q = 0 or 
A^-^AG-B'^)7i = 2B.] 


7. Find the inflexions of the curve 

641/ = (a: + 6)2 (^*-10), 

and draw a rough sketch of the curve for — 6 <x < 3. (Math. Trip. 1936) 
[See Ex. xlvi. 10.] 


8. Contact of a circle with a curve. Curvature*. The circle 


(x-a)2 + (?/-6)* = r» 


(1) 


will have second order contact with the curve y =/(^) at (£,17) if y, Vi, 
and 1/g have the same values for the two curves when x = ^, 

Differentiating (1) twice, and putting x = we obtain 

+ {i-a) + (v-f>)Vi = ^> 1 +5?! + (i?-*) 7i = 0, 


where v, Vi> Vt mean /(?). These equations give 


a = i-- 


b = ri + 


l + r?? 


(!+’??) 


r’l! 


V, V» Vt 

The circle which has contact of the second order with the curve at the 
point 17) is called the circle of curvature, and its radius the radius of 
curvature. The measure of curvature (or simply the curvature)^ w the 
reciprocal of the radius: thus the measure of curvature is 5/,(l +)/?)-•. 


9. Verify that the curvature of a circle is constant and equal to the 
reciprocal of the radaus; and show that the circle is the only curve whose 
curvature is constant. 


10. Find the centre and radius of curvature at any point of the conics 
y* = iax, (xja)^ + (ylbY = 1. 

1 1 . Show that in general one conio can be drawn to have contact of the 
fourth order wdth the curve y =f{x) at a given point P. 

12. An infinity of conics can be drawn having contact of the third order 
with the curve at P. Show that their centres all lie on a straight line. 


• A much faUer discussion of the theory of curvature wiU be found in Fowler’s 
tract referred to on p. 297. 
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[Take the tangent and normal as axes. Then the equation of the conic is 
of the form 2y = + ^hxy + hy'^, and when x is small one value of y may 

be expressed (Ch. V, Misc. Ex. 24) in the form 

y — \ax'^-\-\ahx^ -\-o(x^). 

This expression must be the same as 

y= U''{ 0 )x^ + y"{ 0 )x^ + o(x^y, 

and so o = /""(O), h = /"'(0)/3/^(0) (Ex. lvi. 1). But the centre lies on the 
line ax + hy = 0.] 

13. The locus of the centres of conics which have contact of the third 
order with the ellipse (x/a)* + {yl^y = 1 at the point (a cos a, b sin oc) is the 
diameter xl(a cos a) = yl{b sin a). [For the ellipse itself is one such conic.] 

156. Differentiation of functions of several variables. 

So far we have been concerned exclusively with functions of a 
single variable x, but there is nothing to prevent us applying the 
notion of differentiation to functions of several variables x,y, 

Suppose then that /(a;, y) is a function of two* real variables 
X and y, and that the hmits 

A-.0 ^ fc-<-o ^ 

exist for all values of x and y in question, that is to say that 
f{x,y) possesses a derivative dfjdx or Dj,f{x,y) with respect to x 
and a derivative dfjdy or Dyf{x,y) with respect to y. It is usual 
to call these derivatives the partial differential coefficients off, and 
to denote them by 

2 / 9 / 

dx ' dy 

or f^(x, y), fl{x, y) 

or simply/',/^ or/j, /y. The reader must not suppose, however, 
that these new notations imply any essential novelty of idea: 
‘partial differentiation’ with respect to x is exactly the same 
process as ordinary differentiation, the only novelty lying in the 
presence in / of a second variable y independent of x. 

* The new points which arise when we consider functions of several variables 
are illustrated sufficientlv when there are two variables only. We take for granted 
the obvious generaUsations of our theorems to three or more variables. 
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Our definitions presuppose the independence of x and y. If 
X and y are related, y is a function (f>(x) of x, and 

is a function of the single variable x. And if a: = ^{t), y = f(t), 
then f(x, t/) is a function of t. 

Examples LX, 1. Prove that if a: = rcos^, y = rsin^, so that 
r = ^(x* + 2 /*), ^ = arc tan ( 2 / /a:), then 


dr 

X 

dr 

y 

dO 

y 

dO 

X 

dx 


dy 


dx 

x2 + 2/^’ 

% 


dx 

COS Oy 

dy 

sin Of 

dx 

— rsind, 

By 

= r cos 0. 

m 

— = 

rr 


dr 


dr 


d6 


BO 

. Account for the fact 

dr 

that — d 1 
dx 

/ / dX' 

/ Vary 

’ dx 

+ //( 

' dx \ 

.«)• twi-* 


we were considering a function y of one variable x it followed from the 
definitions that dyjdx and dxjdy were reciprocals. This is no longer so 
when we are dealing with functions of 
two variables. Let P (Fig. 44) be the 
point {x,y) or {r,0). To find drjdx we 
must increase x, say by an increment 
MM^ = Sxy while keeping y constant. 

This brings P to P^. If we take OP' = OP 
along OPj, the increment of r is P'P^ = 
say; and dr/dx = \im {Sr jdx). If on the 
other hand we want to calculate dxldr, 

X and y being now regarded as functions 
of r and 0^ we must increase r by dr, say, 
keeping d constant. Let us suppose that 
this brings P to Pj, and write PPg = dr. 

The corresponding increment of x is MM^ = dx, say, and 
dxldr = hm (dx/dr). 

Now dx = Sx*: but Ar^Sr. Indeed it is easy to see from the figure that 
\\m(SrlSx) = lim(P'Pi/PPi) = cos^?, 
but lim (dr/dx) = lim (PPi/PPi) = sec 0, 

80 that lira(cJr/dr) = cos^d,] 

dz dz 

3. Prove that if 2 = f{ax + by) then 6 — = ® ^ ' 

♦ Of course the fact that dx = Sx is due merely to the particular value of dr 
that we have chosen (viz. P}\). Any other choice would give us valuea of dx, dr 
proportional to those used here. 
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4. Find X, , Z, , . . . when X+Y = x,Y = xy. Express x^y as functions 
of X, Y aad find Xj, Xj 

6. Find X* , ... when X+F+Z = a;, F+Z = xy^ Z = xyz; express 
r, y, z in terms of X, F, Z and find 

[There is no difficulty in extending the ideas of the last section to 
functions of any number of variables. But the reader must be careful to 
impress on his mind that the notion of the partial derivative of a function 
of several variables is only determinate when all the independent veiriables 
are specified. Thus if u = x + y-|-z, x, y, and z being the independent 
variables, then u^. = 1 . But if we regard tx as a function of the variables 
X, x + y — rj, and a: + y + z = so that u = ^, then = 0.] 

157. Differentiation of a function of two functions. 

There is a theorem concerning the differentiation of a function 
of one variable, known generally os the theorem of the total 
differential coefficient, which is very important and depends 
on the notions explained in the preceding section regarding 
functions of two variables. This theorem gives us a rule for 
differentiating /(^(^), with respect to t. 

Let us suppose, in the first instance, that f{x, y) is a function 
of the two variables x and y, and that are continuous 

functions of both variables (§ 108) for aU of their values which 
come in question. And now let us suppose that the variation of 
X and y is restricted in that {x, y) lies on a curve 

X = 0(0. y = 0^(0, 

where (/> and \Jf are functions of t with continuous differential 
coefficients (f>'(t)f Then f(x,y) reduces to a function of the 

single variable t, say F{t). The problem is to determine F'{t). 

Suppose that, when t changes to i + r, x and y change to a: + ^ 
and y + y. Then by definition 

^ = lim 1 [mt + r), ir{t + r)} ^lr{l)}] 

= lim ^ [J{x + i,y + r)) -J{x, y)) 

« ijm -/(^’ y+v) ^ ^ fix, y + v) y) v~\ 

L i T V rj 
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But, by the mean value theorem, 
f{3: + ^,y + n)-f(x, y + 1 }) 


= fx(x + 6^,y + ij), 


f{^,y+v)~fix,y) 

V 


=fvi^,y+d'v), 


where d and 9’ each he between 0 and 1 . When t 0, ^ 0 and 

and rijT-*-r/r'(t): also 


f'xi^ + 0^,y + n) -^f'xix, y), fy(x, y + d'y) y). 

Hence 


F‘(t) = Dj{4>{t),i{i)} =f’Ax,y)4>'{i)+fy{^,yW{t), 
where we are to put x — 0(7), y = \l/[i) after carrying out the 
differentiations with respect to x and y. This result may also be 
expressed in the form 

df df dx 0/ dy 
dt dx dt ^ dy dt ' 


Examples LXI. 1. Suppose 


0(0 = 


1 + i*' 


0(0 = 


2 ^_ 


80 that the locus of (x, y) is the circle x* -f t/* = 1. Then 

where x and y are to be put equal to ( 1 — ^^)/( 1 + ^*) and 20(1 + ^*) after 
carrying out the differentiations. 

It is instructive to verify this formula in particular coses. Suppose, e.g., 
that/(x, 3/) = x* + t/*. Then /' = 2x, /' = 2y, and 

F'(t) = 2x0'(O + 22/0'(O = 0, 
which is correct because F(t) = 1. 


2. Verify the theorem in the same way when (o) x — i/ — 1 
f{x,y) = x + y; (6) x = acosf, y = osin^ f{x,y) = x^ + y^. 

3. One of the most important cases is that in which i is x itself. We 
then obtain D,f{x,f{x)) = DJ{r,y) + D,f(x,y)if'(x), 

where 3/ is to be replaced by 0(x) after differentiation. 

It was this case which led to the introduction of the notation Sfjdx, 
Sfjdy. For it would seem natural to use the notation dfjdx for eUher of the 
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functions D^f{Xyyjf{x)} and Dg^f(x,y), in one of which y is put equal to 
^(x) before and in the other after differentiation. Suppose for example 
that y=l — x and f{x,y) = x + y. Then 1 — a:) = £)„ 1 = 0, but 

D^J(x,y) = 1 . 

The distinction between the two functions is adequatelj^ shown by 
denoting the first by dfjdx and the second by dfjdx, in which case the 
theorem takes the form 

rf/ 

dx dx dydx* 

though this notation is also open to objection, in that it is a little mis- 
leading to denote the fimctions/{x, \lr(x)} and f(x, y), whoso forms as func- 
tions of X are quite different from one another, by the same letter / in 
dfjdx and dfjdx. 

4. If the result of eliminating t between x = <j){t)y y = is/(a:, y) = 0, 

df dx df dy 
dx dt dy dt 


6. If x and y are functions of h and r and 6 are the polar coordinates of 
(x, t/), then r' = (xx' yy')jr, d' = (xy' — yx')jr^y dashes denoting differ- 
entiations with respect to t. 


158. We have assumed that and are continuous functions of the 
two variables x and y in the sense of § 108. It is not sufficient to assume 
merely that they exist for all x and y. 


In fact we can infer very little from the mere existence of and f'^; we 
cannot even infer that f is continuous. Consider, for instance, the function 
used as an example in § 108, and defined by 






when X 4= 0, 7/ 0, and by / = 0 when one at least of x and y is zero. Then 


j:{x.y) = - 


2y(x^-y^) 


y) 


2x{x^-y^) 
(^2 + 2 / 2)2 


at all points except the origin. Also 


/,'(0, 0) = lim 


/(^,0)-/(0,0) 

h 


lim - = 0; 


Emd similarly /'(O, 0) = 0. Thus /' and /' exist for all x, y ; but (as we saw 
in § 108)/ is discontinuous at the origin. 


The function defined by 


2xy 
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when a? 0, i/ 4= 0, and by / = 0 when a; = 0 or ?/ = 0, is continuous every- 
where, including the origin; and in this case also 

mo)=/;(o,o) = o. 

Suppose now that x = y = t. Then F{t) =f{t,t) = 2t, and F'{^) = 2; but 
„dx ,dy 

when f = 0, so that the result of the last section is false. 

In what follows we shall assume the continuity of all derivatives which 
occur. 

159. The mean value theorem for functions of two 
variables. Many of the results of the last chapter depended 
upon the mean value theorem 

f [x h) — f [x) = }if [x ]-0h). 

We may write this as 

Sy = f\x^0^x)Sx, 

where y = J[x). We shall now suppose that 2 = J{x, y) is a function 
of the two independent variables x and y, and that x and y receive 
increments A, k or Sx, Sy respectively; and express the corre- 
sponding increment of 2 , viz. 

Sz = f{x + h,y^k)-f(x,y), 

in terms of A, k and the derivatives of 2 with respect to x and y. 
LiQt f(x-\-ht,y kf) = F{t). Then 

f{x-\-h,y + k)-f(x,y) = F{1)- F{0) = F\0), 
w^here 0<0 < 1. But, by § 157, 

F'(t) = DJ{x + hFy-^lt) 

= A/;(x + hi, y-^kt)^- kflix + ht,y + kt). 

Hence finally 

Sz = f(xi-h,y-^k) —f{x, y) = hf'^(x Oh, y 4- Ok) -\rkfy{x^- Oh, y 4- 6k), 

which is the formula desired. Since fx^fy continuous functions 

of z and y, we have 

f'j,ix-^0h,y + Ok) ^fxi^,y) + ^h,k> 
fy{x + 0h,y + 0k) = fl{x,y) + Vh,k* 
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where and tend to zero as h and k tend to zero. Hence 
the theorem may be written in the form 

= (/i + e) ^ 2 : + (/; + !;) (1), 

where e and rj are small when Sx and Sy are small. 

The result embodied in (1) may be expressed by saying that 
the equation 

is approximately true; i.e. that the difference between the two 
sides of the equation is small in comparison with the larger of Sx 
and Sy*, We must say 'the larger of Sx and Sy' because one of 
them might be small in comj)arison with the other; we might 
indeed have Sx = 0 or Sy = 0. 

If any equation of the form Sz = A Sx /i Sy is ‘approximately true*, 
then A = /^, For 

Sz — /' Sx Sy = cSx + Tj Sy, Sz — ASx — ySy = e'Sx + y'Sy, 
where e, tj, e', tj' all tend to zero as Sx and Sy tend to zero; and so 
(A -/^) Sx + (y -f') Sy = pSx-\- crSy, 

where p and cr tend to zero. Hence, if ^ is any assigned positive number, we 
can choose cj so that 

I (A -/j) (Jx + (/t -/;> I < f ( I <5a; I + I <5y I ) 
for all values of Sx and Sy numerically less than o). Taking Sy = 0 wo 
obtain | (A — /,') | < f | |, or |A— and this can be true, for 

arbitrary only if A = Similarly y = /J. 

We have proved that (1) is true if /' and /' are continuous, but this 
condition is not at all necessary. Suppose, for example, that </>(x,y) is 
any continuous function of x and y, and that 

* =f(^>y) = (x + y)(j>(x,y). 

, h(f)(h, 0) 

Then /;(0, 0) = lim ' = 0(0, 0), 

n 

and similarly /'(O, 0) = 0(0, 0); and plainly 

2 = {0(O,O) + e}x + {0(O, 0) + 97}y, 

where e and rj tend to zero with x and y. This is equivalent to (1), with 
X = y = 0, But we have not assumed that (f>(x, y) is differentiable with 
respect to a; or j/, and and need not exist emywhere except at the 
origin. 

The equation ( 1) is sometimes taken os the definition of a ‘ differentiable 
• Or with I I + 1 1 or y/{Sx* Sy*), 
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function of two variables’; f{x,y) is said to be dijferentiable at ths point 
(x,y) if f(x + h,y-irk)-i(x,y) = {A + €)h + {B + ri)k, 

where A and B depend only on x and y, and e and rj tend to zero when 
h and k tend to zero; and to be dijjerentiable in a region if it is differentiable 
at all points of that region. In tliis case and exist and are equal to 
A and B, but need not be continuous. The hypothesis is intermediate 
between the weaker hypothesis and/^ exist’ and the stronger hypo- 
thesis and are continuous*. The definition has many advantages, but 
the hypothesis of continuity is sufficiently general for our purposes hero. 
See W. H. Young, “The fundamental theorems of the differential 
calculus’’, Cambridge Math. Tracts, No. 11 , and de la VaUee Poussin, 
Coura d'analyaCf 6th edition, vol. ii, Ch. III. 

160. Differentials. In the applications of the calculus, 
especially in geometry, it is usually most convenient to work with 
equations expressed not, like equation (1) of § 159, in terms of 
the increments Sx, Sy, Sz of the functions x, y, z, but in terms of 
what are called their differentials dx, dy, dz. 

Let us return for a moment to a function y = /(a;) of a single 
variable a;. If / is differentiable then 

Sy = {r{x)^e]Sx ( 1 ), 

where e tends to zero with 8x. The equation 

dy^r{x)8x (2) 

is ‘approximately’ true. 

We have up to the present attributed no meaning to the 
isolated symbol dy. We now agree to define dy by the equation 

dy=f'{x)Sx (3). 

If we choose for y the particular function x, we obtain 

dx = Sx (i)» 

so that dy=f'(x)dx (5); 

and if we divide both sides of (6) by dx we obtain 



where dyjdx denotes not, as heretofore, the differential coefficient 
of y, but the quotient of the differentials cZy, dx. The symbol 

303 
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dyjdx thus acquires a double meaning; but there is no incon- 
venience in this, since (6) is true whichever meaning we choose. 

We pass now to the corresponding definitions connected with 
a function z of two independent variables x and 2 /. We define the 


differentia] dz by the equation 

dz=f'Jx+f'^dy (7). 

Putting z = X and z = y in turn, we obtain 

dx = dx, dy = dy (8), 

so that dz = f'j.dx+f'ydy (9), 


which is the exact equation corresponding to the approximate 
equation (1) of § 159. 


One property of the equation (9) deserves special remark. We 
saw in § 157 that if 2 = J{x, y), x and y being not independent but 
functions of a single variable t, so that z is also a function of t 
alone, then ^ 

dt dx dt ^ dy dt‘ 


Multiplying this equation by dt and observing that 

- dx . _ dy , , dz . 

dx = — dt, dy = --^~dt, dz = ~rdt, 
dt ' ^ dt ' dt ’ 


we obtain dz = f'^dx +fydy, 

which is the same in form as (9). Thus the formula which expresses 
dz in terms of dx and dy is the same whether the variables x and y are 
independent or not. This remark is of great importance in applica- 
tions. 

It should also be observed that if 2 is a function of the two 
independent variables x and y, and 

dz = Xdx^jidij, 

then A = /^, y = This follows at once from § 159. 

It is obvious that the theorems and definitions of the last three 
sections are capable of immediate extension to functions of any 
number of variables. The difiFerential notation has great technical 
advantages, particularly in geometry. 
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Examples LXII. 1. The aiea of an ellipse is A, and a, b are the 
semi -axes. Prove that 

dA da db 

A a b 

2. Express A, the area of a triangle ABC, as a function of (i) a, B, C, 
(ii) A, 6, c, and (iii) a, b, c, and establish tho formulae 

dA _ da cdB bdC dA db dc 

A a asm B abiinC A b e 

dA = i?(cos A da -f cos Bdb + cos Cdc), 
where R is the radius of tho circum-circlo. 

3. The sides of a triangle vary in such a way that tho area remains 
constant, so that a may bo regarded as a function of b and c. Prove that 

da cos B da cos C 

db cos A dc cos A * 

[This follows from the equations 
da da 

oa = — aO + - dc, cos A da A- cos Bdb-\- cos Cdc — 0.] 
db dc 

4. If a, b, c vary so that R remains constant, then 

da db dc 

r + — = 0 , 


and so 


cos A cos Ji cos C 
da cos A da cos A 

db cos B * dc cos C 

[Use tho formulae a = 2i?sin^, and the facts that R and A B + C 
are constant.] 

6. If z is a function of u and v, which are fimctions of x and y, then 
dz dz du dz dv dz 
dx 

[We have 

, az dz , du , du j ^ 

dz = -du-^ dv, du = —-dx + ^ dy, dv = - dx + dy. 

du dv dx dy dr dy 

Substitute for du and dv in the first equation and compare the result with 


dz du dz dv dz dz du dz dv 
du dx dv dx ’ dy 0u dy dv dy 


the equation 


dz ^ dz ^ ^ 
dz = --dx A- — dy.] 
dx dy 


6. If ur cos ^ = 1, tan ^ = v, and F{r,0) — el'll, v), then 

rFf = —uG,^, = uvG* + ( 1 -r 

{Math, Trip. 1932) 
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7. Let z be a function of x and y, and let X, Y, Z be defined by the 
equations 

® = OiZ + fti r + Ci Z, 1/ = + F + CjZ, z = a^X + b^Y -\-c^Z. 

Then Z may be expressed as a function of X and Y. Express Zj-, Zjr in 
terms of z,, z^. [Let these differential coefficients be denoted by P, Q and 
p, q. Then dz—pdx — qdy = 0, or 

(CiP + c,^-Ca)dZ + (aiP + 02g-a8)dX + (6jpH-6ag-63)dr = 0. 

Comparing this equation with dZ — PdX — QdY = 0 we see that 

P = - ^ PA^i'Lib, 

Cip + Cjg-Cg Cip-hc,g-Ca 

8. If (aiz + 6iy + CjZ) p + (a2a; + 62!/ + Cgz)? = agX-f ^ 8 !/ + C3Z, 

then (Uj X -|- 6^ F -f Z) P {a^X -\-h^Y c^Z) A + 63 F + C3 Z. 

(Math. Trip. 1899) 


9. Differentiation of implicit functions. Suppose that/(x, t/) and 
its derivatives and/^ are continuous in the neighbourhood of the point 
(o, 6), and that {,) ^ ^ 0 

Then we can find a neighbourhood of (a, 6) throughout which /'(x, t/) has 
always the same sign. Let us suppose, for example, that f^{x, y) is positive 
near (a, 6). Then/(:r, y) is, for any value of x sufficiently near to a, and for 
values of y sufficiently near to 6, an increasing function of y in the stricter 
sense of § 95. It follows, by the theorem of § 109, that there is a unique 
continuous function y which is equal to 6 when x = a and which satisfies 
the equation f{x, y) = 0 for all values of x sufficiently near to a. 

If f{x, t/) = 0, X = a-\-h, y = b-\-k, then 

0 =f{x,y)-f{a.b) = (/' + €) (/; + 77 ) 4:, 


where e and ij tend to zero with h and k. Thus 

h fl + V^ fV 


or 


dy _ 

~dx /;■ 


10. The equation of the tangent to the curve f{x,y) = 0, at the point 
(x„ y„), IS (x-x„)/'(i„,yo) + (y-yo)/i(*o.2/o) = 0- 


11. The result of eliminating u between the equations y =f(x, u) and 
t = (f>{x,u) is expressed as z = F(x,y). Prove that 


fui^x fx^u jp 

- J. -- 




F, 


{Math. Trip. 1933) 
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12. Nlaxinia and minima. We can define maximum and minimuTn 
values of a function of two variables by making the obvious changes in 
the definition of § 123. It is plain that if (a, b) gives a maximum of/(a:, i/) 
then a gives a maximum of/(x, 6), so that /j vanishes at (a, 6). Similarly 
/; vanishes, and ^ ^ ^ 

or (what is the same thing) df = 0 

are necessary conditions for a maximum or a minimum. The problem of 
finding sufficient conditions is more complex and we shall not consider 
it here. 


13. If y is defined as a function of x by g{x,y) = 0, and/(a:, y) has a 
maximum at a point, then (since the formulae for differentials are the 
same whether the v^ariables are independent or not) d/ = 0 at the maxi- 
mum, while dy = 0 for all x, y. In other words, f^dx+J'^dy = 0 provided 
y^dx-hy^dy = 0; and so 


/; 


( 1 ). 


g. g. 

If y' or y' vanishes, then (1) is to be interpreted as meaning that the 
corresponding one of or /J vanishes. 


Similarly, if z is defined by g{x,y,z) = 0, and f(x,y,z) has a maximum. 


then 


(with a similar gloss). 


g'. % 9. 


14 . If a, fS, y are positive, A, B, C are the angles of a triangle, and 
sin*^ sin^ B sin>' C is a maximum, then 

a(a + /? + y) Aa+A+y) ^ + ^±1^ 

tan»^ = ’ ya ' 

(Math. Trip. 1936) 


161 . Definite integrals and areas. It will be remembered 
that in Ch. VI, § 148, we assumed that if f{x) is a continuous 
function of x, and PiP is of the graph of y = f(x), then the 

region bounded by PiP> the ordinates PiN^ and PN, and the 
segment NiN of the axis of x, has associated with it a number 
which we call its area. It is plain that, if ON = x, and we allow 
* to vary, this area is a function of x, which we denote by F{x). 

Malring this assumption, we proved in § 148 that F'{x) - /(a:), 
and we showed how this result might be used in the calculation 
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of the areas of particular curves. But we have still to justify the 
fundamental assumption that there is such a number as the area 
F(x). 

We know what is meant by the area of a rectangle^ and that 
it is measured by the product of its sides. Also the properties of 
triangles, parallelograms, and polygons proved by Euclid enable 
us to attach a definite meaning to the areas of such figures. But 
nothing which we know so far provides us with a direct definition 
of the area of a figure bounded by curved hnes. We shall now show 
how to give a definition of F[x) which will enable us to prove its 
existence. 

We suppose /(a:) continuous throughout the interval (a, b), and 
divide up the interval into a number of sub-intervals by means of 
the points of division x-^, where 

a = x^<x^< ...< x^^_^ < = b. 

We denote by the interval {x^,, and by the lower bound 
(§ 103) of J{x) in and write 

say. It is evident that, if M is the upper bound of f{x) in (a, 6), 
then 8 ^ M{b — a). The aggregate of values of 8 is therefore, in the 
language of § 103, bounded above, and has an upper bound which 
we will denote by j. No value of s exceeds^’, but there are values 
of 8 which exceed any number less than ji. 

In the same way, if is the upper bound of f[x) in we can 
define the sum 

S = EM, 8^, 

It is evident that, if m is the lower bound of f{x) in (a, 6), then 
S'^m{b — a). The aggregate of values of S is therefore bounded 
below, and has a lower bound which we will denote by J. No 
value of 8 is less than J, but there are values of 8 less than any 
number greater than J. 

It will help to make clear the significance of the sums a and S if we 
observe that, in the simple case in which /(a:) increases steadily from x = a 
to X = 6, m,, ia f{x,) and M, is In this case a is the total area of the 
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rectangles shaded in Fig. 46, and S is the area bounded by a thick Une. 
In the general case 8 and S will still 
be areas composed of rectangles, 
respectively included in and in- 
cluding the curvilinear region whose 
area we are trying to define. 

We shall now show that 
no sum such as s can exceed 
any sum such as S. Let s, S be 
the sums corresponding to one 
mode of sub-division, and s', S' 
those corresponding to another. A'l Fig. 46 ^ 

We have to show that s<S' and s' < S. 

We can form a third mode of sub division by taking as dividing 
points all points which are such for either s, S or s', S'. Let s, S 
be the sums corresponding to this third mode of sub-division. 
Then it is easy to see that 

s^.9, s§5', SSS, S::S' (1). 

For example, s differs from s in that at least one interval which 
occurs in s is divided into a number of smaller intervals 

so that a term of s is replaced in s by a sum 

^j',1 ^j',1 ^v,2 ^ v,2 “!“•••”}" '^v,p ^v,p> 

where ••• lower bounds of f(x) in .... 

But evidently m^,^^ o S m^,, . . ., so that the sum just written 

is not less than Hence and the other inequalities (1) 

can be established in the same way. But, since 8 2 S, it follows 

sis-sS^S', 

which is what we wanted to prove. 

It also follows that j For we can find an s as near to j as 
we please and an S as near to J as we please*, and so j > J would 
involve the existence of an s and an S for which 8 > S. 

♦ The 8 and the S do not in general correspond to the same mode of ■ub-diTiiion. 
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So far we have made no use of the fact that f(x) is continuous. 
We shall now show that j = J, and that the sums 8, S tend to the 
limit J when the points of division are multipHed indefinitely 
in such a way that all the intervals tend to zero. More precisely, 
we shall show that, given any positive number e, it is possible to 
find S so that 

0^J — 8<€y 0^S-J<€ 
whenever 8^, < 8 for all values of v. 

There is, by Theorem II of § 107, a number 8 such that 

My,-m^<€l(b-a)y 

whenever every 8^, is less than 8. Hence 

S-8 = Z(M^-m^)8^<€. 

But S-8 = {S-J)-\-(J-j)-\-(j-s); 

and all the three terms on the right-hand side are positive (or 
zero), and therefore all less than e. Since J —j is a constant, it 
must be zero. Hence j = J and 0^j — 8<6y O^S — J < e, as was 
to be proved. 

We define the area of N^NPPi as being the common limit of s 
and S, that is to say J. It is easy to give a more general form to 
this definition. Consider the sum 

0 - = 

where denotes the value of f(x) at any point in 8^. Then a 
plainly lies between s and /S', and so tends to the limit J when the 
intervals tend to zero. We may therefore define the area as 
the limit of cr. 

162. The definite integral. Let us now suppose that /(a:) 
is a continuous function, so that the region bounded by the curve 
y = f(x), the ordinates x = a and x = 6, and the axis of x, has a 
definite area. We proved in Ch. VI, §148, that if F(x) is an 
‘integral function’ of /(x), i.e. if 

F'(x)=f{z), F{x) =jf(x)dx, 
then the area in question is F{b) — F{a). 
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Since it is not always practicable to determine the form of 
F(x)y it is convenient to have a formula which represents the 
area NiNPP ^ and contains no exphcit reference to F{x), We 
shall write ^ 

(N,NPP,) = f fix)dx. 


The expression on the right-hand side of this equation may 
then be regarded as being defined in either of two ways. We 
may regard it as simply an abbreviation for F{b)-F(a), where 
F{x) is some integral function of /( t), whether an actual formula 
expressing it is known or not; or we may regard it as the value of 
the area N^NPP^y defined directly in § 1 Cl. 

J f(x)dx 


The number 


is called a definite integral ; a and 6 are called its loiver and upper 
limits] f(x) is called the subject of integration or integrand] and 
the interval (a, 6) the range of integration. The definite integral 
depends on a and b and the form of the function f{x) only, 
and is not a function of x. On the other hand, the integral 
function 

is sometimes called the indefinite integral f{x). 


The distinction between the definite and the indefinite integral is merely 

fb 

one of point of view. The definite integral / f{x)dx — F{h) — F{a) is a 

- a 

function of 6, and may be regarded as a particular integral function of 
/(6). On the other hand the indefinite integral i^(x) can always be expressed 
by means of a definite integral, since 

P(X) = F(a)+ fmdt. 

J a 

But when we are considering ‘indefinite integrals or integral functions 
we are usually thinking of a relation between tioo functions, in virtue of 
which one is the derivative of the other; and when we are considering a 
‘definite integral’ we are not as a rule concerned with any possible varia- 
tion of the limita. 
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It should be observed that the integral / f{i) dt, having a differential 

•J a 

coefficient f{x), is a fortiori a continuous function of x. 

Since 1/x is continuous for all positive values of x, the investigations of 
the preceding paragraphs supply us with a proof of the existence of the 
function logx, which we agreed to assume provisionally in § 131. 

163. Area of a sector of a circle. The circular functions. 

The theory of the trigonometrical functions cos:r, sin a;, etc., as 
usually presented in text-books of elementary trigonometry, rests 
on an unproved assumption. An angle is the configuration formed 
by two straight lines OA, OP; and there is no difficulty in trans- 
lating this ‘geometrical’ definition into purely analytical terms. 
The assumption comes at the next stage, wh(3n it is assumed that 
angles are capable of numerical measurement ^ that is to say that 
there is a real number x associated with 
the configuration, just as there is a real 
number associated with the region of 
§148. This point once admitted, cos a; 
and sin x may be defined in the ordinary 
way, and there is no further difl&culty of 
principle in the elaboration of the theory. 

The whole difficulty hes in the question, 
what is the x which occurs in cos a: and 

sin a:? To answer this question, we must define the measure of an 
angle, and we are now in a position to do so. The most natural 
definition would be this: suppose that AP is an arc of a circle 
whose centre is 0 and whose radius is unity, so that OA = OP = 1. 
Then x, the measure of the angle, is the length of the arc AP. 
This is, in substance, the definition adopted in the text-books, 
in the accounts which they give of the theory of ‘circular 
measure ’. It has however, for our present purpose, a fatal defect; 
for we have not proved that the arc of a curve, even of a circle, 
possesses a length. The notion of the length of a curve is capable 
of precise mathematical analysis just as much as that of an area; 
but the analysis, although of the same general character as that 
of the preceding sections, is decidedly more difficult, and it is 
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impossible that we should give any general treatment of the 
subject here. 

We must therefore found our definition on the notion not of 
length but of area. We define the measure of the angle AOP as 
twice the area of the sector A OP of the unit circle. 

Suppose, in particular, that OA is y = 0 and that OP is y = mx^ 
where m > 0. The area is a function of m, which we may denote 
by (l>{m). The point P is [pi, rn/i), where 




1 


(l)[m) \mp- [ ^[l~x-)dx \pi^[\—ii-)-\-{ ^[l-x^)dx. 

J Ji J n 


m 


m = 


and 




Hence 

dji 




d<p df> dll 


1 


m 


1 


dm dfidm 2V(l-/^'')(l-fw2)» 2(l+m-^)' 

and so <j>(m) = 

Thus the analytical equivalent of our definition would be to 
define arc tan w by the equation 

dt 

arc tan m = - — . 

Jo 1 + ^2 

The theory of the circular functions will be worked out from 
this starting point in Ch, IX. 

Examples LXIII. Calculation of the definite from the Indefinite 
integral. 1. Show that, if 6 > a ^ 0 and n > — 1 , then 


/: 


b fjn+l_Q^n+l 

X"dx = — ;; . 

n+ 1 


sin mb — sin ma 
cos mxdx = — — — 


dx 


arc tan b — arc tan 


^ /' 


- / . 


sin mxdx = 


cos ma — C 08 mb 


^ dx 

0 1 + 


= in. 
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[There is an apparent difficulty here owing to the fact that arc tanx is 
a many valued function. The difficulty may be avoided by observing that, 
in the equation 

dt 

/ = arc tan 

Jn 1+^' 


arc tan X must denote an angle lying between — and ^rr. For the in- 
tegral vanishes when a: = 0 and increases steadily and continuously as x 
increases. Thus the same is true of arc tan x, which therefore tends to Jtt 
as X -► 00 . In the same way we can show that arc tan x-^ — jTiasx-^ — oo. 
Similarly, in the equation 


dt _ 

yoV(i 


where — 1 <x< 1, arc sin x denotes an angle lying between — Jtt and Jtt. 
Thus, if o and b are both numerically less than unity, we have 


dx 


arc sin b — arc sin o.] 


*■ /.’i^ 


dx 


2xcosa + x* 2 sin a 
the value of the integral is which is the limit of Ja cosec a as a 


if —7!<a<7T, except when a = 0, when 

0 . 


6. ( ^(1 — X®) dx = Jtt; i — x^)dx = Jrra* if a>0. 

Ja JO 


0. I is equal to 2 if — 1 < a < 1 and to 2lix if I a I > 1. 

j _lV'(l-2ax-ha2) / i i 

(Math. Trip. 1933^ 

dx TT 

7. I = — — - — — if a> I 6 1. [For the form of the indefinite 

Jo a + 6cosx -^ ) 

integral see Exs. Lin. 3,4. If | a | < | 6 | then the subject of integration has 
an infinity between 0 and n. What is the value of the integral when a is 
negative and — o > | 6 1 7] 


^ .-r , , 

8. / -;r — 7 , r -T— = d a and b are positive. What is the 

Jo a*cos»x + 6^riuiax 2a6 ^ 

value of the integral when a and 6 have opposite signs, or when both are 

negative T 


9. F ouiier’s Integrals . Prove that if m and n are positive integers then 

/2n 

J 008 mx Bin nxdx 
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is always equal to zero, and 


f27T 

Jo ' 


f27r 

COS mx 003 nxdXf / sin mx sin nx dx 

Jo 


are equal to zero unless m = n, when each is equal to rr. 


10 . 


[TT rn 

Prove that I cob mx cob nxdx and 1 Binmx einnxdx are each 

Jo Jo 


equal to zero except when m = when each is equal to Jtt; and that 


/; 


cos mx sin nxdx = 


2n 


/O n^— a*.* 

according as n — m is odd or oven. 


I cosmx sin nxdx = 0, 

Jo 


11. Prove that [ co8md(cos (9)" dd = 0 

Jo 

if m and n are positive integers and m > n. 

12. Evaluate 


4x>-f-3 xdx p 

J Q 8x* + ix -i- 5 * + Jo 


dx 

5+3 cos X* 


dx 


/ ^ ax 
j 0 cos 2a — 


(0<a<f77) 


• /: 


{Math. Trip. 1928) 

dx 

io l + 2cosx^ 
arc tan xdx 


(Mof/t. Trip. 1927, 1928, 1929, 1930, 1930) 


164. Calculation of the definite integral from its defini- 
tion as the limit of a sum. In a few cases we can evaluate a 
definite integral by direct calculation, starting from the defini- 
tions of §§ 161 and 162. As a rule it is much simpler to use the 
indefinite integral, but the reader will find it instructive to work 
through a few examples. 

fb 

Examples LXIV. 1. Evaluate / xdx by dividing (a, 6) into n equal 

J a 

parts by the points of division a = Xq, x^, Xj, ..., x„ = b, and calculating 
the limit as n -> oo of 

(Xi - Xo) /(Xo) + (x, - Xi)/(xJ + . . . + {X„ - x„_i)/(x„_i)- 

[This sum is 

= { 1 + 2 + . . . + (n - 1 )}] = (6 - a) {a + (6 - a) . 
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which tends to the limit — a*) as n oo. Verify the result by grapliical 
reasoning.] 

2. Calculate / xdx, where 0<a<6, by dividing (a, 6) into n parts by 
J a 

the points of division a, ar, ar*, ar”, where r" = bja. Apply the 

ff> 

same method to the more general integral I dx. 


3. Calculate 


J a J a 


COB mxdx and / Bin mxdx by the method of 


n- 1 J 

4. Prove that n XI 


> Jtt wlien n -> 00. 


[This follows from the fact that 

n n n 1 /n 

n*'*'n2+l^~^ + 1)2 ^^0 1 + (r/?i)2’ 

/ ^ dx 

which tends to the limit I — when n->oo, in virtue of the direct 
Jo 14- X* 

definition of the integral.] 

J /'l 

5. Prove that — Xj [The limit is I ^(l~-x^)dx.] 

^ r=0 Jo 

165. General properties of the definite integral. The 
definition of the definite integral as the hmit of a sum presupposed 
(i) that / is continuous and (ii) that a < 6. We define its value, 
when a >b, by 


and when a = 6 by 

( 2 ) 


f{x)dx = - f(x)dx, 
I J b 


f{x)dx — 0. 


These definitions become theorems if we define the integrals by means 
of the function F(x); for F{b) — F(a) = — {F{a) — F{b)}, F(a) — F{a) = 0. 

We have then, for any a and 6, 


f{x)dx+ f f(x)dx = f f(x)dx. 
i J b J a 

f kf{x) dx = lc{ f(x) dx. 

J a J a 


(4) 
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(5) f {f(x)Jr<f>{x)}dx f{x)dx+{ ^[x)dx. 

Jo J a J a 

The reader will find it on instructive exercise to write out formal proofs 
of these properties, in each case giving a proof starting from (a) the defini- 
tion by means of the integral function and (/^) the direct definition. 


The following theorems are also important. 

( 6 ) If f{x)^0 when then j f{x)dz^0. 

We have only to observe that the sum 5 of § 156 cannot be 
negative. It will be shown later (Misc. Ex. 43, p. 340) that the 
value of the integral cannot be zero unless /(a:) is always equal to 
zero: this may also be inferred from the first corollary of § 122 . 

(7) If H <f{x) <K when a^x^by then 

H(b~a)£j f(x)dx^K(b — a). 

This follows at once if we apply ( 6 ) to f{x) — H and K —f(x). 


(8) 


J f{x)dx = {b-a)f(i), 


where ^ lies between a and b. 

This follows from (7). For we can take H to be the least and 
K the greatest value of f{x) in (a, b). Then the integral is equal to 
7^(6 — a), where tj hes between H and K. But, since f{x) is con- 
tinuous, there must be a value of ^ for which /(^) = 97 (§ 101 ). 

If F{x) is the integral function, we can write the result of ( 8 ) 
in the form ^ ^^b-a) F'{i), 

so that ( 8 ) appears now to be a special case of the mean value 
theorem of § 126. We may call ( 8 ) the/f5^ mean value theorem for 
integrals. 

(9) The generalised mean value theorem for integrals. 

If (j){x) is positive y and H and K are defined as in {l)y then 

Hf^{x)dxsff(x)(^>(x)dx^Kj <p{x)dx-. 


H P M 


21 
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and 


[vn 


jj(x)^(x)dx=^f{^)j (j){x)dx, 
where ^ lies between a and b. 

This follows at once by applying theorem (6) to the integrals 

f {f{x)-H}(p{x)dx, I* {K-f{x)}(^>{x)dx. 

J a J a 

(10) The fundamental theorem of the integral calculus. 

The function 


=J, 


nt)dt 


F(x) 

has a derivative equal to f{x). 

This has been proved already in § 148, but it is convenient to 
restate the result here as a formal theorem. It follows as a 
corollary, as was pointed out in § 162, that F{x) is a continuous 
function of x. 

Examples LXV. 1. Show, by means of the direct definition of the 
definite integral, and equations (l)-(5) above, that 

(i) j (j){x^)dx — <p{x^)dx, j x(f>{x^)dx = 0; 

f\7T f\7T fTT 

(ii) I (f){co3x)dx = I (f)(3inx)dx = J I <f)(3mx)dx; 

Jo Jo Jo 

mn fTT 

(iii) / ^(co3^x)dx = m <fi(co3^x)dx, 

Jo Jo 

m being an integer. [The truth of these equations will appear geometrically 
intuitive if the graphs of the functions under the sign of integration are 
sketched.] 

/^8in(n + 4)^ _ 

2. Prove that / — — — dd = n 

J 0 siii 

if n is a positive integer or zero. Wliat is the value of the integral for 
negative integral n? 

sin nx 

/ dx is equal to 77 or to 0 according os n is odd or 

Jq smx 

(Math. Trip. 1933) 

[If /sinnxX* _ 

/ dx = riTT 

Jo \ BUI X / 

(Math. Trip. 1933) 


3. Prove that 
even. 

4. Prove that 


for all positive integred values of n, 
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[For Ex. 2 use the identity 
8in(n + J)ar , ^ 

r— ; =1-1-2 cos x-h2 008 2x-h ... + 2 008 nx. 

Bin \x 

and for Ex. 3 the identity 
sin nx 

= 2 cos (n— 1) a;+ 2co9 (n — 3) a; + ...» 

sinx 

where the last term is 1 or 2 cos x. To prove Ex. 4, square the last identity 
and use Ex. lxiii. 10.] 

5. If (j){x) = \a^ + a^co 8 x~\-h^Binx-\-a^G 082 x-{- ... -{-anCOQnx^\-hf^B'mnx, 
and A: is a positiv^e integer not greater tlian n, then 

r2n r2n f27T 

/ (j){x)dx = TTa^y I coskx (p{x)dx = Tra^, I Binkx (j){x)dx — nhjc. 

Jo Jo Jo 

k>n then the value of each of the lost two integrals is zero. [Use 
Ex. LXIII. 9.] 

rb fb 

6. If/(x) ^ 9 ^(x) when then / fdx^ (j)dx, 

J a J a 

7. Prove that 

r\7r r\7T rin r in 

0< I sm"+^xdx< / sin”xdx, 0< j tan"+^xdx< 1 tan"xdx. 

Jo Jo Jo Jo 

f i dx 

8*. If n> 1 then •5< / — - -< -624. [The first inequality follows 

Jo v(l 

from the fact that ^(1 — < 1, the second from the fact that 


9. Prove that 


1 


10. Prove that -673 < 


x^-\-x^) 
dx 


<\7T. 


j: 


<*595. [Put x= 1-f 7^: then 


i V(4-3x + x3) 
replace 2 + 3u^ + by 2 + 4w* and by 2 + 3w*.] 

11. If a and (f> are positive aeute angles then 

dx <f) 

J 0 ^ ^ V( ^ ^ * 

lfoc = (f> = Jtt, then the integral lies between -523 and ‘641. 

fb I fb 

12. Prove that I /(x)dx ^ / |/(x)|dx. 

J a \ J a 

* £x«. 8-11 are taken from Qibson's Elementary treatiae on the calculua. 


ax-i 
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[If (T is the sum considered at the end of § 161, and (r' the corresponding 
sum formed from the function | f(x) |, then [ o* j ^ cr'.] 


13. K I f{x) I ^ M, then 


a 


dx 



(p{x) I dx. 


166. Integration by parts and by substitution. It 

follows from § 141 that, if/'(a;) and (j>'{x) are continuous, 

f ^ J{b)<l>{b)-f(a)(l)(a)- f f’(x)^{x)dx. 

J a J a 

This formula is known as the formula for integration of a definite 

integral by 'parts. 

Again, we know (§ 136) that if F{t) is the integral function of 
f{t) then 

Hence, if $5(a) = c, 96(6) = d, we have 

rf{t)dt = F(d)-F(c) = F{<f>(b)]-n<p{^)} = rmx)}f>'{x)dx; 

J c J a 

which is the formula for the transformation of a definite integral 
by substitution. 

These formulae often enable us to determine the value of a 
definite integral without knowledge of the form of the integral 
function F{x). The definite integral depends only upon the 
difference between two particular values of F{x)y which may often 
be found by some special device when the form of F[x) is unknown. 


Examples LX VI. 1. Prove that 
(b 


I xFix) dx = [br(b) -/(&)} - {aria) -/(a)}. 

J a 

2. More generally, f dx = F(b)— F(a), where 

J a 

Fix) = H- m(m — l)x^~^f^^-^\x) — ... 4- ( — l)^ml/(x). 

3. Prove that 

f ajTcsmxd® = i77 — 1, f a;aro tanasda: = Jtt — J. 

J% JQ 
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4. Prove that if a and h are positive then 

/■Iff xQO^xsinxdx tt 


/: 


}q (a*cos^a; + 6®sin*a;)* 4a^?^(a + 6) 

[Integrate by parts and use Ex. uan. 8.] 

6. Evaluate 


dx I 

J^xilT^y J : 

f: 


15 


dx 


8 (x-3)V(:r+l)\/o 1+V- 


xdx f 

* Jo 1 + ’ J i 


in 


fin 

xdx, / J(iaiix)dx, 

J 0 


dx 




Iff 1 + 2 coa X 


fin 

dx, / e 

Jo 


ain^ xcos^xdx 


6 + TcoaxH-einx Jq (2H-co3a:)2 
by appropriate substitutions. {Math. Trip. 1924, 1925, 1926, 1931) 

6. If Mx)= f^f{t}dt, Ux) = rut)dt AM = 

Jo Jo Jo 

then am = vr^—r f /(O (x-ty-^dt. (Math. Trip. 1933) 

(k — 1 ) 1 y 0 

[Integrate repeatedly by parts.] 

7. Provo by integration by paji>s that if w„, „ = f x^( \ —x^dx, where 

Jo 

m and n are positive integers, then (m + n+ 1) deduce 

that m 1 n I 


Wm.n = 


Hence 


[Write 


(m + n+ 1) 1 

fin 1 

8. Prove that if u„= tan” xdx then w„ + t ^„_2 = • 

Jo ^ - 1 

evaluate the integral for all positive integral values of n. 

[Put tan" a? = tan"~^a; (soc^x— 1) and integrate by ports.] 
fin 71—1 

9. Prove that if u,, = / 8in"xox then u„ = Un-f 

Jo ^ 

sin"”^ X sin x for sin" x and integrate by parts.] 

10. Deduce from Ex. 9 that u„ ia equal to 

2.4.6...(n-l) ^^1.3.5...(n-l) 

~3T^.T7.“rr' ' “27476. .7^ ' 

according as n is odd or even. (Math. Tri^. 1935) 

1 1 . The second mean value theorem. If f{x) is a function of x which 
has a continuous differential coefficient of constant sign for all values of 
X from X = a to X = h, then there is a number ^ between o and b such that 

j f(x) ^(*) da) o /(a) dx +f{b) j ^ (j>(x) dx. 



326 ADDITIONAL THEOREMS IN THE CALCULUS [VH 


[Let / <}>(t)dt =:^ Then 


[ f(x)<f>{x)dx = I f{x)0'(x)dx =f(b)0{b)- I f'{x)0{x)dx 
J a J a -a 

=f(b)0{b)-<i>a) I r(x)dx, 

J a 


by theorem (9) of § 166: i.e. 

( f{x) <j)(x) dx = /(6) <P(6) + {/(a) -/(6)} 

J a 

which is equivalent to the result stated.] 

12. Bonnet’s form of the second mean value theorem. If }\x) is 
continuous and of constant sign, and /(i>) and fici)—f{b) have the same 
sign, then rb rX 

j f{x)4>{x)dx =f{a) j (^>{x)dx, 

where X lies between a and b. For 

m 0{b) + [f(a) -f(b)} <l>(g) = 

where pi lies between and CP(6), and so is the value of 0(x) for a value 
of X such as X. The important case is that in which 0 '^f{b) ^f{x) ^J(a). 

Prove similarly that if f{a) and f(b)—f{a) have the same sign, then 


rb rb 

I fi^)(f>(^)dx=f{b) (f){x)dx, 

a J X 


where X lies between a and b, 

/^'einx 2 

13. Prove that / dx if X'>X>0. [Apply the first 

J X ^ X 

formula of Ex. 12, and note that the integral of sin a; over any interval 
is numerically loss than 2.] 

14. Establish the results of Ex. nxv. 1 by moans of the rule for sub- 
stitution. [For example, in (iii), divide the range into m equal parts and 
use the substitutions x = 7r-\-y, x = 277 + t/, ....] 

rb rb 

16. Prove that / F{x)dx= F{a + b — x)dx. 


16. Prove that I cos’" a; sin”* x da; = 2””* / cos”*xdaj. 

Jo Jo 

rn rn 

17. Prove that j X(f>(Bmx)dx = j (f>{Buix)dx. [Put x = n — y.] 
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/■ 77 ^ SlIT X 

18. Prove that / da; = Jtt*, / arsin^a; cos*a;da; = 

jo l+cos^a; Jo 

(Math. Trip. 1927) 

19. Show by means of the transformation x = acos^d + 6sin®d that 

I ^{{x — a)(b — x)} dx = J77(fe — o)*. 

J a 

20. Show by means of the substitution (a + b cos x) (a — b cos ?/) = — 6* 

that 

/-TT fTT 

/ (a + 6co3x)~"dx = (a® — (a — b cosy)"~^dy 

Jo Jo 

when n is a positive integer and a > | 6 | , and evaluate the integral when 
n = 1, 2, 3. 

21. If m and n are positive integers then 

mini 

I (x — a)”* (6 — x)"da; = (6 — o)”*+"+^ 

Ja (m + n-hl)l 

[Put X = a+ (b — a)y, and use Ex. 7.] 


167. Proof of Taylor’s theorem by integration by parts. 

We can use the method of partial integration to obtain another 
proof of Taylor’s theorem. 

Let /(a;) be a function whose first n derivatives are continuous, 
and let 

= m -f(x) - (6 - X)f'(x) - ... - 

Then = 

and so 

FJa) = FJb)-jy:,{x)dx = 

If now we write a + h for b, and transform the integral by putting 
X = a + thy we obtain 

f(a + h) =/(a) + A/'(a)+...+^^^/(«-iV) + J?n -(1). 


where 


( 2 ). 
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[vn 


Now, if ^ is any positive integer not greater than n, we have, 
by theorem (9) of § 165, 

Jo Jo 


{l-6)^~pfM{a + dh) 




( 1 - <9)"-P/<'‘'(a + 6h) 


.(3). 


where 0 < ^ < 1. Hence 

p(7i,-l)! 

If we take p = nwe obtain Lagrange’s form of (§ 152). If on 
the other hand we take p = 1 we obtain Cauchy's form y viz. 

(\-0)n-^fin)i^a + Oh)h^ 




(n-l)! 


.(4). 


This proof of Taylor’s theorem has the advantage of leading to an 
exact formula for i?,, viz. (2), which does not involve on undetermined 
number 0, It is (considered simply as a proof of Lagrange’s form of the 
theorem) less general than that of § 150, since we have assumed the con- 
tinuity ofR^\x). The argument of § 160 can be modified so as to give the 
formulae (3) and (4). 


168. Application of Cauchy’s form to the binomial series. If 
f{x) = (1 +x)'^y where m is not a positive integer, then Caucliy's form of 
the remainder is 

^ m(m-- 1) ... (m — n-h 1) (1 — 

" 1.2... (n-l) (l+t^od^ ' 


Now (1 — ^)/(l -f- is less than unity, so long os — l<a:<l, whether 
X is positive or negative ; and ( 1 + 0x)^~^ is less than ( 1 + | x | ^ ^ if > 1 
and than ( 1 — | x [ if m < 1, Hence 


|i?„l<lml(l± 



-- Pn. 


say. But p, -► 0 as n -► oo, by Ex, xxvii. 13, and so 0. The truth of 
the binomial theorem is thus established for all rational values of m and 
all vedues of x between — 1 and 1 . It will be remembered that the difficulty 
in using Lagrange’s form, in §162(2), arose in connection with negative 
valuee of x. 


169. Approximate formulae for definite integrals. 
Simpson’s rule. There are a number of approximations to 
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the value of a definite integral which are important in numerical 
work. The simplest is 

j f{x)dx = l{b-a){f{a)+f{b)} (1). 

Here we replace the area Pj^Nj^NP of §148 by the polygon 
P^N^NPj and the formula is exact when /(a;) is hnear. It may be 
shown (see Ex. lxvii. 2, p. 330) that, if/(x) has two derivatives 
f'{x) and /"(x), then the error in (1) is 

for a value of ^ between a and 6. In practice, of course, we should 
divide up the range of integration into a number of smaller pieces 
and apply the formula to each of them separately. 

A much better formula is 

jj{x) dx = i(6 - a) [/(a) + +/(6) j (2), 

which is generally known as Simpson's rule. We shall prove that, 
iff{x) has four derivatives f'(x)yf''{x),f"'{x), and then the 

error in (2) is 

-Mb-arra) 

for a ^ between a and b. Incidentally this proves that Simpson's 
rule is exact for polynomials of the third or lower degree. 

We write c — h, c + h foi a, b, and consider the fimction 

= t{b), 

rc^t 

where x/r{t) = f(x) dx - {/(c + C) + 4/(c) +/(c - <)} . 

j C~t 

Differentiating three times, we find 

fit) = f [fie + t)- 2/(c) +/(c - <)} - It {/'(c + 1) -f'ic -t)}-^ m. 


20/3 

fit) = Hf'ic+t)-r{c-t)}-it{r(c+t)+r(c-t)}—j^ir{h). 


601 ^ 


no = ~ it {r (c + 0 -ric -oj-jr fib) 
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Hence, by the mean value theorem, 

nt) = ( 3 ), 

where ^ lies in (c — t,c-\-t). 

Now ^(0) = <p(h) = 0, and therefore, by Rolle’s theorem, 
= 0 for a ti between 0 and h. Also ^'(0) = 0, and therefore 
= 0 for a /g between 0 and and a fortiori betw een 0 and h. 
Finally = 0, and therefore = 0 for a between 0 

and h. Hence, by (3) 

QO 

for a ^ between c — i^ and c 4- ^3, and therefore between c — h and 
c-\-h. But this is 

jfjix) dx - lh{f{c + h) + 4/(c) +/(c -h)) = - ^/>V(0 
or 

Jy(;r) dx = \{b-a) {/(a) + +/(6)j - 

In practice again we divide the range of integration into pieces 
and apply the rule to each. 

Examples LXVII. 1. Prove that, if f(x) has two derivatives, 

where ^ lies between x — h and x-{-h. (Math. Trip. 1926) 

[Use the auxiliary function 

^(t) = /(X + t)- 2f{x) +/(x _ i) - (^)’ {/(X + ;») - 2/(x) +/(x - h)}.] 

2. Prove that the error in ( 1) above is — 1^(6 — where o < £ < 6. 

[Use the auxiliary functions 

^(f)=j J(x)dx-t{f(c+t)+f(c-t)}, = ilrih).] 

3. Prove that 

J f(x)dx = (6-o)/^--~^ + !.’t(6-o)V'(f). 
where a<f <6. 
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4. Apply Simpson’s ml© to the calculation of tt from the formula 
dx 

Jtt = I . [The result is *7833.... If we divide the integral into two, 

Jo 

from 0 to J and from J to 1, and apply the rule to each part, we obtain 
■7853916.... The correct value is *7853921....] 


5. Show that 8*9 < j ^{4:-\-x^)dx<9. 


(Math. Trip. 1903) 


6. Apply Simpson’s rule, with five ordinates, to calculate 

to two decimal places. (McUh. Trip. 1934) 

7. Show that i — dj; = 88 approximately. 

Jo 

(Math. Trip. 1933) 

170. Integrals of complex functions of a real variable. 

So far we have always supposed that the subject of integration in 
a definite integral is real. We define the integral of a complex 
function f{x) = (p{x) + irjr(x) of the real variable Xy between the 
hmits a and 6, by the equations 

rb rb rb 

f{x)dx = \ {^(x) + ii/r(x)} dx = i (j)[x) dx i \ \Jf[x)dx\ 
j a J a J a J a 

and it is evident that the properties of such integrals may be 
deduced from those of the real integrals already considered. 

There is one of these properties that we shall make use of 
later on. It is expressed by the inequality 


J f(x)dx \f{x)\dx (1)*. 


This inequality may be deduced without difficulty from the 
definitions of §§161 and 162. If 8^ has the same meaning as in 
§ 161, (j>^ and are the values of (f> and ^ at a point of and 
A = have 

^b rb rb 

fdx=\ (l)dx-\-i\ }lfdx = ]imE(}>y,8y, + i]iTaE}]/^8^ 

• The oorreeponding inequality for a real integral was proved in Ex. liv. 12. 
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and 80 


while 


ii: 


fdx 






[vu 


The result now follows from the inequality 

It is evident that the formulae (1) and (2) of § 167 remain true 
when /is a complex function + 


MISCELLANEOUS EXAMPLES ON CHAPTER VII 


1. Verify the terms given of the following Taylor’s series: 

(1) tan 

(2) secx = 1 + 

(3) xcosecx = l-H + 

(4) xcot X = 1 — Jx*— . ... 


2. Show that if f{x) and its first n + 2 derivatives are continuous, and 
/‘(n+i)(0) ^ 0, and is the value of 0 which occurs in Lagrange’s form 
of the remainder after n terms of Taylor’s series, then 

1 w 

“ “ 2(ir-t^(n+Y) f^^O) ® ° 

[Follow the method of Ex. lv. 12.] 

3. EstabUsh the formulae 

/(O) fV) 
g(a) g'kfi) 


where / hes between a and 6, and 



/(a) 

fib) 

/(c) 


fia) 

f'ifi) 

f'ir) 

(ii) 

gi<x) 

gib) 

gic) 

= \{h — c)(c — a){a — h) 

gia) 

g'ifi) 

g'iy) 


h(a) 

hib) 

hie) 


h{a) 

h'ifi) 

h"iy) 


where / and y lie between the least and greatest of a, 6, c. [To prove (ii) 
consider the function 


(i) 


/(“) fib) 

g(a) g(b) 


ih-a) 


/(“) fib) fix) 
gia) gib) g(x) 
hia) hib) hix) 


(x — a) {x — b) 
{c — a) (o — 6) 


f(a) m /(c) 

gia) gib) gic) 

h(a) h(b) h(c) 


<Pix) = 
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whioh vanishes when a? = a, x = 6, and x = c. Its first derivative must 
vanish for two distinct values of x lying between the least and greatest of 
a, 6, c, by Theorem B of § 122; and therefore its second derivative must 
vanish for a value y of x satisfying the same condition. We thus obtain 
the formula 


/(o) 

fib) 

fic) 

fia) 

fib) 

nr) 

ff(“) 

gib) 

g{c) =i(c-a)(c-6) 

?(a) 

gib) 

g’ir) 

h{a) 

Mb) 

h{c) 

h(a) 

Mb) 

b'ir) 


The reader will now complete the proof without difficulty.] 

4. If F{x) is a function which has continuous derivatives of the first 
n orders, of which the first n — 1 vanish when x = 0, and A ^ F^^\x) ^ B 
when 0 ^ X < /i, then 

n I n I 

when O^x^h. Apply this result to 

fix) -/(O) - r/'(0) - ... - . /("-1>(0), 

(n- 1)! 

and deduce Taylor’s theorem. 

6. If Af^(f){x) = <f){x) — <f>{x + h), Al(j)(x) = AfXAt,(l){x)), and so on, and 
(j>{x) has derivatives of the first n orders, then 
^ /n\ 

^’i.4‘{x) - 2 (-l)^ )f>(x + rh) = 

r-0 J 

where f lies between x and x + nh. [Use the auxiliary function 
f(t) = A';<j>(x)-{^ Al<l>(x). 

Ex. Lxvu. 1 is substantially the case n = 2.] 


6. Deduce from Ex. 6 that x"“”'JJx"* ->7rt(m— 1) ... (m — n+ 1)A" 
when X -► 00 , m being any rational number and n any positive integer. In 
particular prove that 

x^x[ylx — 2^(x-\- l)+V(ic + 2)} -►-i. 

7. Suppose that y = ^^(x) is a function of x with continuous derivatives 
of the first four orders, and that ^(0) = 0, ^'(0) = 1, so that 

y = (j){x) = x + aj|X* + ajX® + a4X* + o(x^). 

Prove that 

X = xjriy) = y-o,j/* + (2o;-a,)y»-{5o;-6a,a, + aJi/‘ + o(/), 


and that 

when X 0. 


(j)ix) \^(x)-x* 
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8 . The coordinates of the centre of curvature of the curve x = f(t), 
y = F{t)t at the point (x, 3 /), are given by 

y' x' x'y^-x^y'' 

and the radius of curv^ature of the curve is (x'^ + dashes 

denoting differentiations with respect to t. 

9. The coordinates (f, 17 ) of the centre of curvature of the curve 
21ay^ = 4x^, at the point (x, y), are given by 

3a(g + x) + 2x* = 0, Tj = 4?/ + (9a?/)/x. 

(Math. Trip. 1899) 


10. Prove that the circle of curvature at a point (x, y) will have contact 
of the third order with the curve if ( 1 + 2 /^ ) 2/3 = '^yi y'i at that point. Prove 
also that the circle is the only curve which possesses t his property at every 
point; and that tlie only points on a conic which possess the property are 
the extremities of the axes. [Cf. Ch. VI, Misc. Ex. 13 (iv).] 


1 1 . The conic of closest contact with the curve 
y = ax^ + hx^ -f cx*‘ + . . . -f kx^ 
at the origin is a^y = a^x^ + a^bxy + (ac — b^) y^. 

Deduce that the conic of closest contact at the point of the curve 

y =f{x) is 

IBtjIT = 9);J(x-g)>+6)/aV3(^-g) 2’ + (3 )?j74-497j) T^, 
where T= (y — V) ~ Vii^ ~ (Math. Trip. 1907) 


12. Homogeneous functions^. If tx = x^f(ylx,zlx, ...) then u is un- 
altered, save for a factor A”, when x^y,z, ... are all increased in the ratio 
A : 1 , In these circumstances u is called a homogeneous function of degree n 
in the variables x, y, z, — Prove that if u is homogeneous and of degree 

^ then o Q o- 

cu &u &u 

This result is known as Euler's theorem on homogeneous fimctions. 


13. If IX is homogeneous and of degree n then tx^, ix^, ... are homo- 
geneous and of degree n — 1 . 

14. Let/(x, 2 /) = 0 be an equation in x and y (e.g. x" + 2 /" “^ = 0), and 
let F(x, t/, s) = 0 be the form it assumes when made homogeneous by the 
introduction of a third variable z in place of unity (e.g. x" -f — X 2 "~^ = 0 ). 


* In this and the following examplea the reader is to assume the continuity of 
all the deriyatives which occur. 
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Show that tho equation of the tangent at the point of the curve 
f{x,y) = 0 is 

= 0 , 

where F^, F^y F^ denote the values of F^, F^y F, when x = y = rjy 
z = ^=l. 


15. Dependent and independent functions. Jacobians or func- 
tional determinants. Suppose that u and v are functions of x and y 
connected by an identical relation 


<^(UyV) = 0 ( 1 ). 

Differentiating (1) with respect to x and y, we obtain 
dd) du dd) dv dd) du dd> dv 

—L ) — = 0 — +-~ = 0 12 ) 

du dx dv dx * du dy dv dy ’ * 

and, eliminating the derivatives of <py 


J = 




= U^Vy-UyV^ = 0 


( 3 ), 


where u„y v^., Vy are the derivatives of u and v with respect to x and y. 
This condition is therefore necessary for the existence of a relation such 
as (1). It can bo proved that the condition is also sufficient; for this we 
may refer to Goursat’s Cours d'analysCy 3rd edition, vol. i, pp. 126 et seq. 


Two functions u and v are said to be dependent or independent according 
as they are or are not connected by such a relation as (1). It is usual to 
call J the Jacobian or functional determinant of u and v with respect 
to X and y, and to write 

J d{UyV) 

~ ^{Xyy)' 


Similar results hold for functions of any number of variables. Thus three 
functions w, v, w of three variables Xy y, z are or are not connected by a 
relation (j)[Uy VyW) 0 according as 


J = 


Uy Uy 
Va, Vy Vy 


Wgf Wy Wg 


d{Uy Vy W) 
d{Xy y, z) 


does or does not vanish for all values of a;, y, z. 


16. Show that ox* + 6y^ + cz* + 2/yz + 2yzx -f 2/ia:y can bo expressed as 
a product of two linear functions of r, y, and z if and only if 
abc 4- ^Jgh — a/® — — ch} = 0. 

[Write down the condition that px-\-qy-\-rz and p'x + q'y + r'z should be 
connected with the given function by a functional relation.] 
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17. If u and v are functions of f and ij, which are themselves fimctions 
of X and y, then ^ g(f_ 

8{x. y) d(i, 7)) d(x, y) ■ 

Extend the result to any number of variables. 


1 8 . Let/(x) be a function of x whose derivative is 1 Jx and which vanishes 
when a; = 1. Show that if u =/(x) +/(2/)» v = a:?/, then = 0, and 

hence that u and v are connected by a functional relation. By putting 
y = 1, show that this relation must be/(a:) +/(?/) = f{^)- Prove in a similar 
manner that if the derivative off(x) is l/{l + x^), and/(0) = 0, then/(x) 
must satisfy the equation 


f(^) +J(y) 


\\-xy) 


dt 

19. Prove that if f{x) = / — then 






/<.)+/(») 


}• 


20. Show that if a functional relation exists between 

^ =f{x)+f{y)+f{z)» V = f(y)f(z) + f{z)f(x) -\-f(x)f{y)y w = f{x)f{y)f{z), 
then /must be a constant. [The condition for a functional relation will be 
found to be 

f'ix)ny)f'{z){f{y)-f(z)}{f{z)-m^ = 0.] 

21. If f(y, z),f{z, x), and /(x, y) are connected by a functional relation 

then /(a:, x) is independent of x. (Math. Trip. 1909) 

22. If u = 0, r = 0, = 0 are the equations of three circles, rendered 

homogeneous as in Ex. 14, then the equation 

d(Uy Vy w) ^ 
d(Xy y, z) 

represents the circle which cuts them all orthogonally. 

(Math. Trip. 1900) 

23. Calculate when 

x^ y* a:* i/* 

o* + A 6^^ + A p 


24. fS Af Bt O are three functions of x such that 

A A' A^ 

B B' B' 

O O' C" 


(Math. Trip. 1936) 
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vaniahes identically, then we can find constants A, /i, v such that 

+ vC 

vaniahes identically; and conversely. [The converse is almost obvious. To 
prove the direct theorem let a = BC' — B'G, .... Then a' = BC* — B^C, ...y 
and it follows from the vanishing of the determinant that ^y' — p'y = 0, . . . ; 
and so that the ratios cl\ ^xy are constant. But a A ^B -\-yC = 0.] 

25. Suppose that three variables Xy y, z are connected by a relation 
in virtue of which (i) z is a function of x and with derivatives Zj., Zyy and 
(ii) X is a function of y and z, with derivatives x,. Prove that 

Xy — —'ZyjZy^y X, l/^^X* 

[We have dz = z^^dx + Zydy, dx = Xydy -\-x^dz. 

The result of substituting for dx in the first equation is 
dz = (z^Xy-\-Zy)dyAz^x^dZy 
which can be true only if z^-Xj^ + z^ = 0, Za,x, = 1.] 


26, Four variables x, t/, z, u are connected by two relations in virtue of 
which any two can be expressed as functions of the others. Show that 


xj2/“ + x*uf = 0, = — J/Jzjxj = 1, ir“zlJ + 2/“zJ = 1, 

where i/“ denotes the derivative of i/, when expressed as a fimction of z 
and Uy with respect to z. (Math. Trip. 1897, 1928) 


27. The variables x, y, z are connected by 

-f 2 / " + z^ — Zxyz = 0, 

and (p(Xyy,z) = x^y'^z. Determine the value of at (1, 1, 1) when the 
independent variables are (i) xandy, (ii) xand z; and explain geometrically 
the difference between the meanings of in the two cases. 

(Math. Trip. 1936) 


28. 

29. 


If X* = vWy t/* = wuy z^ = uv and /(x, y, z) = (j)(Uy Vy w)y then 

+ yfv + z/. = 

(Math. Trip. 1933) 

Find the value of 0,(0, 0) when 

(x + yy(x-y) 


</>{x,y) = 




unless X and y are both zero, and ^(0, 0) = 0; and explain why ^(x, t/) = 0 
does not define i/ as a single-valued function of x near the origin. 

(Math. Trip. 1928) 


30. The function 0(w,r, x, y) is homogeneous, of the second degree, in 
u, v; = Py (f>y = q; and (p(UyVyX,y), when expressed in terms of p,g, x, y, 


H P M 


aa 
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is ^(Ptq,x,y). Prove that 

{Math. Trip. 1936) 

[By Euler’s theorem (Ex. 12), u(j)^-\-v(})^ = 2^, or pu-\-qv = 2^, when 
M and V are expressed as functions of p, g, y. Hence 
u+^>wp + gvj, = 

But \jrj, = (/)uUp + (/)^Vj, =pUj,-}-qVp, 

and so i/r^, = u. The other results may bo proved similarly.] 

31. If a > 0, ac — 6^ > 0, and > Xq, then 

/■^i dx I f {xi-x„)J{ac-b'‘) ] 

/ = — arc tan ( — , , ) . 

J ax^ -\- 2bx c ^{ac — h'^) 4- a:o) + cj 

the inverse tangent lying between 0 and tt*. 


32. Evaluate the integral / — 

y _l 1- 


sin adx 


; . For what values of a 
{Math. Trip. 1904) 


- 2x cos a-\-x‘^ 

is the integral a discontinuous function of a? 

[The value of the integral is \7T if 2n77<a< (2n+ 1) tt, and —\7i if 
(2n — 1) 77’<a< 2?i77, n being any integer; and 0 if a is a multiple of n.'] 

33. If ax^ 4 "^bx 4 c> 0 when Xq^x^x^, f {x) = ^{ax^ 4 2t>x 4 c), and 
y =f(x), y„ =f{Xo), Vi =f{Xi), X = (Xi-a:o)/(2/i + yo). 

fx^dx 1 , l+AV<i 2 „ 

then / — = — log , — arc tan {A V( - o)), 

Jx. y v« i-AVo V(-“) 

according as a is positiv^e or negative. In the latter case the inverse 
tangent lies between 0 and Jtt. [It will be found that the substitution 


t = 


y+Vo 

34 


reduces the integral to the form 2 


dt 

Jo 


at"^ 


-] 


f ® dx 

. Prove that / — - - = \7t. (Math. Trip. 1913) 

J ox-V^{a^-x^) 

35. Ifa>lthen / — — ^cZx = 7r{a — ^(a*— !)}• 

J-\ 


36. If p> 1, 0<g< 1, then 
dx 


I 


2(1) 


lo V[{l + (p’ - (j> + 2)sina)’ 

where w is the positive acute angle whose cosine is (1 +pq)l{p 4 g). 


* In connection with Exs. 31, 33, 36, 38 see a paper by Bromwich in vol. xiiv 
of the Messenger of mcUkematics. 
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sin^ddd 277 

37. Ifa>6>0, then / 

Jo a — b cos 6 

{Math. Trip. 1904) 

38. Prove that if a > ^(6^ + c^) then 

nr dO 2 r /(a2-62-c2)) 

/ ;; = arc tan < } . 

Jo a + b cos 0 + csind ^{a^ — b^ — c^) i o J 

the inverse tangent lying between 0 and 77. 

39. Prove that if m ^ 1 and 

rin ^ r\TT 

^mn= sin^x cosTixdXf Jjn n= siii^ sin nxdx, 

Jo 'Jo 

then (m + n)7^,„ = sin ^7177 - 

and express in terms of Im- 2 ,n -2 when m^2. {Math. Trip. 1933) 

40. Prove, by integrating the inequalities 

1 — sin^”“^a: 1 — sim'^x 1 — sin^^+^a; 

2n — 1 ^ 2 m ^ 2n + 1 

from 0 to ^77, ajid using Ex. lxvi. 10, that 
/ 2m - 1 \ 4m 

j ^ T ~ 


3.5...(2m+1) 
^4... 2m ’ 


{Math. Trip. 1924) 


41. Find a formula of reduction for / 6 dO , and deduce that 

Jo 

1.3.. .(2m-3) . , , 

1 = cos a: + i cos x sin^ a; + . . . + — cos x sm^" ^ a; + r„, 

2.4.. .(2n-2) 

Isin^a 1 . 3 . . . (2 m — 3) sin^”-! a 

a = 6ina + 2 - -- + ... + 2 --— 


_ 3.5... (2n-l) ^ 
“ 2 . 4 . ..{ 271 - 2 ) Jo 


sin®""^ ddO, 


/-a 3.5...(2 m- 1) . o , . 

and = / r^dx = / (a — x) sin^^'^xda;. 

" Jo " 2 . 4 ...{ 2 n- 2 )Jo ^ 

Prove that x + a cos x>(zif0^x^a^ ^ 77 , and hence that 

^ a sin*" a. {Math. Trip. 1924) 

42. Prove, by the substitution ^J{l+x*) = (1 + x^) cos or otherwise, 
f LZ^ {Math. Trip. 1923) 

7ol+*V(I + »*) 4V2 ' 


23-J 
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43. If f(x) is continuous and never negative, and / f{x) dx = 0, then 

J a 

f(x) = 0 for all values of x between a and h. [If/(x) were equal to a positive 
number k when x = say, then we could, in virtue of the continuity of 
/(x), find an interval (^ — ^ + <^) throughout which/(a;) > ^k; and then the 

value of the integral would be greater than 

44. Schwarz’s Inequality. Prove that 


^ (ji^dx rlf^dx. 

1 ^ (A(f> + dx = X* (f>^dx i- 2A/1 I (f>i/fdx I \'r^dx 
J a J a J a J a 


[Observe that 


cannot be negative. The inequality can also bo deduced as a limiting case 
from Cauchy’s inequality (Ch. I, Misc. Ex. 10).] 

45. If P„(x) = -- — {(x-a)(/?-a:)}",thenP„(a:)iaapoly- 
{p — ct)^n I \dxJ 

nomial of degree n, which possesses the property that 

P„(x) 0(x) dx = 0 


/ 


if d(x) is any polynomial of degree less than n. [Integrate by parts m + 1 
times, whore m is the degree of 0(x), and observe that = 0.] 


46. 


fP 

5. Prove that / P^i^) Pn(^) do; = 0 if 7n 4^ n, but that if m = n then 
a 

the value of the integral is (y? — a)/(2n+ 1). 

47. If Qn(^) is a polynomial of degi’ee n, which possesses the property 
ffi 

that I Qni^) 0{x) da; = 0 if d(x) is any polynomial of degree loss than n, 
a 

then Qn(^) is a constant multiple of P„(a;). 

[We can choose k bo that — kP^ is of degree n — 1 : then 

f^QAQn-xPJd^: = 0, I^P„{Q„-KP„)dx = 0, 

■'a ■'a 

and BO / (Q^ — kP^Y dx = 0. 

a 

Now apply Ex. 43.] 

48. If <}>{x) is a polynomial of the fifth degree, then 


i: 


(f>ix)dx = + 


a and fi being the roots of the equation z* — a; + iV = 0. 


{Math, Trip. 1909) 



CHAPTER VIII 


THE CONVERGENCE OF INFINITE SERIES 
AND INFINITE INTEGRALS 

171. In Ch. IV we explained what was meant by saying 
that an infinite series is convergent, divergent, or oscillatory, and 
illustrated our definitions by a few simple examples, mainly 
derived from the geometrical series 

1 + ... 

and other series connected with it. In this chapter we shall 
pursue the subject in a more systematic manner, and prove a 
number of theorems which enable us to determine when the 
simplest series which occur commonly in analysis are convergent. 

We shall often use the notation 

n 

^m+1 “!■•••+ '^n “ 2 > 

771 

00 

and write ^ or simply for the infinite series 
0 

172. Series of positive terms. The theory of the con- 
vergence of series is comparatively simple when all the terms of 
the series considered are positivef . We shall consider such series 
first, not only because they are the easiest to deal with, but also 

* It is immaterial whether we denote our series by u^ + u^ + ... (as in Ch. IV) or 
by U 0 + U 1 + ... (as here). Later in this chapter wo shall be concerned with series of 
the type + + ••• = these tho latter notation is clearly more convenient. 

We shall therefore adopt this as our standard notation. But wo shall not adhere to 
it systematically, and we shall suppose that Uj is the first term whenever this course 
is more convenient. It is more convenient, for example, when dealing with the 
series 1 + to suppose that = 1/n and that the series begins with 

than to suppose that = 1/(71 + 1) and that the series begins with Uq. This remark 
applies, e.g., to Ex. lxviti. 4. 

f Here and in what follows ‘positive’ is to be regarded as inoluding zero. 
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because the discussion of the convergence of a series containing 
negative or complex terms can often be made to depend upon 
a similar discussion of a series of positive terms only. 

When we are discussing the convergence or divergence of a 
series we may disregard any finite number of terms. Thus, when 
a series contains a finite number only of negative or complex 
terms, we may omit them and apply the theorems which follow 
to the remainder. 

173. It will be well to recall the following fundamental 
theorems estabhshed in § 77 . 

A. A aeries of positive terms must be convergent or diverge to oo, 
and cannot oscillate. 

B. A necessary and sufficient condition that Eu^ should be 
convergent is that there should be a number K such that 

Uq + u^-\- ...-\-u^<K 

for all values of n. 

C. The comparison theorem. If Eu^ is convergent, and 
v^ S for all values of n, then Ev^ is convergent, and Ev^ g Eu^. 
More generally, if v^ ^ Ku^, where K is a constant, then Ev^ is 
convergent and Ev^ g KEu^. And if Eu^ is divergent, and v^ ^ Ku^, 
with a positive K, then Ev^ is divergent. 

Moreover, in inferring the convergence or divergence of Ev^ 
by means of one of these tests, it is sufficient to know that the 
test is satisfied for sufficiently large values of n, i.e. for all values 
of n greater than a definite value Uq. But of course the con- 
clusion that Ev^ ^ KEu^ does not necessarily hold in this case. 

A particularly useful case of this theorem is 

D. If Eu^ is convergent (divergent) and ujv^ tends to a limit 
other than zero as n-^co, then Ev^ is convergent (divergent). 

174. First applications of these tests. The most im- 
portant theorem we have proved about the convergence of any 
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particular series is that is convergent if r < 1 and divergent 
if r ^ 1*, and it is natural to take in Theorem C. We find 

1. The series Ev^ is convergent if ^ Kr^y where r < 1, for all 
sufficiently large values of n. 

When iC = 1, this condition may be written in the form vyf' g r. 
Hence we obtain what is known as Cauchy's test for the conver- 
gence of a series of positive terms; viz. 

2. The series Ev^ is convergent if v]l^^r, where r< 1, for all 
sufficiently large values of n. 

On the other hand 

3. The series Ev^ is divergent if v][^ ^ 1 for an infinity of values 
of n. 

This is obvious because v]l^ ^ 1 involves v^^l. 


175. Ratio tests. There are also very useful tests involving 
the ratio v^^Jv^ of two successive terms of a series. In these we 
must suppose u^ and v^ strictly positive. 

Suppose that > 0, > 0, and that 

^n+l ^ ^n+l ^ 

for sufficiently large n, say for n ^ n^. Then 


= 


V,, 


^n-l 


^no = 


u„^ u^ ■ 


-v„ = 


^n-1 




so that v^ < Ku^y where K is independent of n. Similarly 


(2) 

Vn 

for n ^ rig implies ^ with a positive K. Hence 

4. 7/ (1) 15 true for sufficiently large n, and Eu^ is convergent y 
then Ev^ is convergent. 

6. If (2) is true for sufficiently large n, and Eu^ is divergent, then 
Ev^ is divergent. 


Throughout this chapter r is positive, in the wider sense which includes zero. 
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Taking in Theorem 4 we find 

6. The series Ev^ is convergent if r < 1 , for all 

sufficiently large n. 

This test is known as d^AlemberVs test. The corresponding 
divergence test, that Ev^ is divergent if = where 1, 

for all sufficiently large Uy is trivial. 

We shall see later that d’Alembert’s test is theoretically less 
general than Cauchy’s, in that Cauchy’s test can always be 
apphed when d’Alembert’s test can, and often when it cannot: 
see, for example, Ex. lxviii. 9 below. Ratio tests are useless for 
‘irregular’ series, such as 0 + ^ + 0 + J + 0 + J + .... None the less 
d’Alembert’s test is very useful in practice, because when is 
a compheated function often much less complicated 

and so easier to work with. 

It often happens that v^+i/^n tends to a limit as n->oo*. 

When this limit is less than 1, it is evident that the conditions of 
Theorems 2 or 6 above are satisfied. Thus 

7. If or t^n+i/^n ® limit le^s than unity when n->oo, 

then Ev^ is convergent. 

It is almost obvious that if either function tends to a hmit 
greater than unity, then Ev^ is divergent. We leave the formal 
proof of this as an exercise to the reader. But when v}f^ or 
Vn+i/Vn tends to 1 these tests fail. They fail also when v^'^ or 
^n+i/^n oscillates in such a way that, while always less than 1, it 
assumes for an infinity of values of n values approaching in- 
definitely near to 1 ; and the tests which involve fail also 

when that ratio oscillates so as to be sometimes less than and 
sometimes greater than 1. When v]l^ behaves in this way Theorem 
3 is sufficient to prove the divergence of the series. But it is clear 
that there is a wide margin of cases in which more subtle tests 
will be needed. 

* It >vill b© proved in Ch. IX (Ex. Lxxxvn. 36) that whenever 

That the converse is not true may bo seen by supposing that = 1 when n is odd 
and 9. s 2 when n is even. 
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Examples LXVIII. 1. Apply Cauchy’s and d’Alembert’s tests (as 
specialised in 7 above) to the series Z’n*r", where A; is a positive integer. 


[Here 




'n-hiy 

V n / 




and d’Alembert’s test shows that the series is convergent if r<l and 
divergent if r> 1. The test fails if r = 1; but the series is then obviously 
divergent. Since limn^^" = 1 (Ex. xxvii. 11), Cauchy’s tost loads to the 
same conclusions.] 


2. Consider the series i7( An* + + ... [We may suppose 

A positive. If the coefficient of r" is denoted by P(n), then P(n) An* and, 
by D of § 173, the series behaves like i7n*r".] 


An*+Pn*-i + ...+A 

3. Consider P — — - — r” 

an* + /?n‘“^ -f ... -f a* 


(A>0,a>0). 


[The series behaves like i7n*"*r". The case in which r = \,k<l requires 
further consideration.] 


4. We have seen (Ch. IV, Misc. Ex. 25) that the series 

^ 1 ^ \ 

n(n+l)’ n(n+ 1) ... (n+p) 

are convergent. Show that Cauchy’s and d’Alembert’s tests both fail 
when applied to them. [For limny" = lim(n„^i/n„) =1.] 

5. Show that the series where p is an integer not less than 2, is 

convergent. [Since n(?i+ 1) ... (n + p— l)-'nP, this follows from the con- 
vergence of the series considered in Ex. 4. Wo proved in §77 (7) that 
the series is divergent if p = 1, and it is obviously divergent ifp^O.] 

6. Show that the series of Ex. 3 is convergent ifr = 1, ^>A;+1, and 
divergent ifr = 1, Z^fc+l. 

7. If tn„ is a positive integer, and then the series Zr'^n is 

convergent if r<l and divergent if r^l. For example the series 
1 -h r + r* 4- r® + . . . is convergent if r < 1 and divergent if r ^ 1 . 

8. Sum the series 1 -f 2r + 2r^ + . . . to 24 places of decimals when r = • 1 
and to 2 places when r = -9. [If r = *1, then the first 6 terms give the sum 
1-2002000020000002, and the error is 

2r2»4-2r8«-|-...<2r25 + 2r^® + 2P^ + ... = 2r25/(l -P^) < 3 . 10"”. 

If r = *9, then the first 8 terms give the sum 5-458. . and the error is less 
than 2r8V(l-r^’)<-003.] 
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9. IfO<o<?)<l, then the series a + 6 + o* + 6® + o® + . . . is convergent. 
Show that Cauchy’s test may be applied to this series, but that d’Alem- 
bert’s test fails. [For 00 , = 6(a/6)"+*-)- 0.] 


10. The series L — and Z — are convergent for all r, and iTnlr" and 
n! n" 


Zn^r" for no r except r = 0. 


{Math. Trip. 1935, 1936) 


11. The series 


An+1/ ' 


^{(n4- l)r}” 


are convergent if r < 1 and divergent if 1. {Math. Trip. 1927, 1928) 
[Use § 73 and § 77 (7) when r = 1.] 

Un 

12. If Zu^ is convergent then so are Zu^ and 27-— 

13. If Zul is convergent then so is Zn~'^u„. [F or 2n~^u„ ^ wj + n“^ and 
Zn~^ is convergent.] 


^ , 11 3/ 1 J 

14. Show that I+--J + -2 + 4 2’-''' "■ 


and 


111111 15 

li L I I I I zr — 

22 32^52 62 ^ 7 ® 92 IG 


1 1 

1 + 22 + 3 »+- 


[To prove the first result we note that 


11 1/11 \ 


by Theorems (8), (6) and (4) of § 77.] 

15. Prove by a reductio ad absurdum that 27n“^ is divergent. [If the 
series were convergent we should have, by the argument used in Ex. 14, 

l + i + i+ -- - = (l + i- + i + ---) + i(l + 4 + i+---)» 

or 4 + 4+ 4 + . .. = i + J + i + ... 

which is absurd, since every term of the first series is less than the corre- 
sponding term of the second.] 


176. Before proceeding further in the investigation of tests 
of convergence and divergence, we shah prove an important 
general theorem concerning series of positive terms. 
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Dirichlet’s theorem*. The sum of a series of positive terms 
is the same in whatever order the terms are taken. 

This theorem asserts that if we have a convergent series of 
positive terms, say, and form any other series 

out of the same terms, by taking them in any new order, then the 
second series is convergent and has the same sum as the first. 
Of course no terms must be omitted: every u must come some- 
where among the v's, and vice versa. 

The proof is extremely simple. Let s be the sum of the series 
of u's. Then the sum of any number of terms, selected from the 
i^’s, is not greater than s. But every ?; is a u, and therefore the 
sum of any number of terms selected from the i?’s is not greater 
than 8. Hence is convergent, and its sum t is not greater 
than s. But we can show in exactly the same way that s’^t. 
Thus s ^ t. 

177. Multiplication of series of positive terms. An 

immediate corollary from Diri chiefs theorem is the following 
theorem : if + + + ... and Vq + t’l + + • • • convergent 

series of positive terms, and s and t are their respective sums, then 
the series 

Uq Vq + Vq -h Uq r i) -h (Uo VQ^-u^v^^UQvf) + ... 

is convergent and has the sum st. 

Arrange all the possible products of pairs Uj^^v^ in the form of 
a doubly infinite array 


^0^0 


^2 ^'0 

U^Vq 


UjVi 

U^Vj 

2(3^1 


u^v., 

U2V2 

2/3^2 

UqV^ 

U1V3 




* This theorem seems to have first been stated explicitly by Dirichlet in 1837. 
It was no doubt known to earlier writers, and in particular to Cauchy. 
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W© can rearrange these terms in the form of a simply infinite 
series in a variety of ways. Among these are the following. 

(1) We begin with the single term u^Vq for which m + n = 0; 

then we take the two terms for which m + n = 1; then 

the three terms u^Vq, ^ 0^2 for which m + n = and so on. 
W© thus obtain the series 

^0 ^0 + (^1 ^0 + Wq ^1) + (^2 ^0 + ^1 + '^0 ^2) + • • • 

of the theorem. 

(2) We begin with the single term UqVq for which both suffixes 

are zero; then we take the terms which involve 

a suffix 1 but no higher suffix; then the terms 

^i^ 2 > '*^ 0^2 which involve a suffix 2 but no higher suffix; and so on. 
The sums of these groups of terms are respectively equal to 

UqVq, {Uq + U^) (Vq + Vj) - UqVq, 

K + + ^2) (^0 + ^1 + ^'2) - K + ^1) K + • • • 

and the sum of the first n + 1 groups is 

K + ^l+--*+^n) K + 

and tends to st Sisn-> 00 . When the sum of the series is formed in 
this manner the sum of the first one, two, three, ... groups com- 
prises all the terms in the first, second, third, ... rectangles 
indicated in the diagram on p. 347. 

The sum of the series formed in the second manner is st. But 
the first series is (when the brackets are removed) a rearrangement 
of the second; and therefore, by Dirichlet’s theorem, it converges 
to the sum st. Thus the theorem is proved. 

Examples LXIX. 1. Verify that if r< 1 then 
l4-r> + r + r^-l-r«-|-r*-|-... = l+r + r’* + r* + r® + r’-h ... = ]/(I-r). 

2*. If either of the series UQ-f-Ui-f- Vo + '*^i + is divergent, then so 
is the series UqUo + (u^ Vo + Ugi’i) -}- + Wo^ 2 ) + ■ • except in the 
trivial case in which every term of one series is zero. 


Id Exfl. 2—4 the seriei oonaidored are of oouiBe series of positive ternaa. 
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3. If the series Vq + + • • •» + • • • converge to sums 

r, 8, tf then the series iTAj, where the summation being 

extended to all sets of values of m, n, p such that m-\-n-\-p = converges 
to the sum rat. 

4. If and Lv^ converge to sums a and t, thou the series where 
u'^ = LuiV^^ the summation extending to all pairs Z, m for which Im = n, 
converges to the sum at. 

178. Further tests for convergence and divergence. 

The examples on pp. 345-G suffice to show that there are simple 
and interesting types of series of positive terms which cannot be 
dealt with by the general tests of §§ 174-5. In fact, if we consider 
the simple type of series in which Uj^^Ju^tends to a limit as 7i->oo, 
the tests of §§174-6 generally fail when this limit is 1. Thus in 
Ex. Lxvm. 6 these tests failed, and we had to fall back upon 
a special device, which was in essence that of using the series of 
Ex. Lxvni. 4 as our comparison series, instead of the geometric 
series. 

The fact is that the geometric series, by comparison with which the 
tests of §§ 174-5 were obtained, is not only convergent but very rapidly 
convergent. The tests derived from comparison with it are therefore 
naturally very crude, and much more delicate tests are often wanted. 

We proved in Ex. xxvii. 7 that when n-^cxD, provided r< 1, 

whatever the value of k\ and in Ex. lxviii. 1 we proved more than this, 
viz. that the series Hn^r^ is convergent. It follows that the sequence 
r, r^, r*, . . . , r”, . . . , where r < 1 , diminishes more rapidly than the sequence 
1“*, 2~*, 3~*, ..., n~*, .... This seems at first paradoxical if r is not much 
less than unity and k is large. Thus of the two sequences 

whose general terms are (f )" and the second seems at first sight to 
decrease much more rapidly. But if only we go far enough into the 
sequences we shall find the terms of the first sequence very much the 
smaller. For example, 

while 1000-n = 

so that the 1000th term of the first sequence is less than the lO^’^th part of 
the oorresponding term of the second sequence. Thus the series ir({)" is 
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very much more rapidly convergent than the series and even this 

series is very much more rapidly convergent than 

There are two tests, 3Iaclaurin^s (or Cauchy’s) integral test 
and Cauchy's condensation test, which are particularly useful 
when those of §§174—5 fail. In these we make an additional 
assumption about u^, viz. that it decreases steadily \^dth n. This 
condition is satisfied by the most important series. 

But before we proceed to these two tests, we prove a simple 
and useful theorem which we shall call AbcVs tlieorem'\. It states 
a necessary condition for the convergence of series of this par- 
ticular type. 

179. Abel’s (or Prlngshelm’s) theorem. 7/ is a convergent 
series of positive and decreasing terms, then limna„ = 0. 

For -h u „^2 +•••-► 0, and a fortiori 

^n+l + ^n+2 + • • • + W2n 

and the left-hand side is at least Hence 0. Also 

2rj-f 1 

( 2 n-H l)w2n+i^ - 2 /iw2«-> 0 ; 

Zn 

and therefore nu„ -> 0. 


Examples LXX. 1. Use Abel’s theorem to show that and 

27(an4-6)~^ are divergent. [Here 1 or nw„ 1/a.] 


2. Show that Abel’s theorem is not true if wo omit the condition that 
Un decreases as n increases. [The series 


, 111111111 

1-1 1 -I 1 — 4- - -1 -j 1 1 1- 

22 32 4 5“ 02 ^ 72 82 9 1 02 


in which = 1/n or l/n^, according as n is or is not a perfect square, is 
convergent, since it may be rearranged in the form 


J. 1 1 1 1 1 1 


1 1 




and each of these series is convergent. But, since nu„ = 1 whenever n is 
a perfect square, it is not true that nti„ -> 0.] 


* Five terms suffice to give the sum of correctly to 7 places of decimals, 

whereas some 10,000,000 are needed to give an equally go(jd approximation to 
A large number of numerical results of this character wiU be found in the appendix 
(compiled by Mr J. Jackson) to the author’s tract Orders of infinity” {Cambridge 
math, tracts, No. 12). 

t The theorem was discovered by Abel but forgotten, and rediscovered by 
Pringsheim. 
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3. The converse of AheVs theorem is not true, i.e. it is not true that, if 
decreases with n and limnw„ = 0, then is convergent. 

[Take the series Un~^ and multiply the first term by 1, the second by 
the next two by and next four by the next eight by i, and so on. On 
grouping in brackets the terms of the new series thus formed we obtain 

l + + + + + ^ + + 

and this series is divergent, since its terms are greater than those of 
1 + + + i.i + 

which is divergent. But it is easy to see that the terms of the series 

satisfy the condition that nu„^0. In fact = l/v if 2*"“^ <n^ 2*'“^, 
and 00 as n oo.] 

180. Maclaurin’s (or Cauchy’s) integral test*. If 

decreases steadily as n increases, we can write = 0 (n) and 
suppose that is the value assumed, when x = n, by a con- 
tinuous and steadily decreasing function of the continuous 
variable x. Then, if is any positive integer, we have 

when v—\^x^v. Let 

= ({){v-\)- f (;){x)dx= [ {(l)[v-~\)-(l){x)]dx, 

Jv-l Jv-\ 

so that \ ) — (l)[v). 

Then Zv^ is a series of positive terms, and 

Hence is convergent, and so Vg + V 3 + . . . + or 

(/>(x)dx 

1 

tends to a positive limit, not exceeding ^( 1 ), when n->oo. 

Let us write 0(^) = J (f){x)dxy 

* The test was discovered by Maclaurin and rediscovered by Cauchy, to whom 
it is often attributed. 
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SO that 0{^) is a continuous and steadily increasing function of 
+ ^2 4- . . . 4- - <P{n) 

tends to a positive limit, not greater than 0(1), when n->oo. Hence 
ZUy is convergent or divergent according as 0{n) tends to a hmit 
or to infinity as n^co, and therefore, since 0{n) increases 
steadily, according as 0{^) tends to a hmit or to infinity as ^->oo. 
Hence if (f){x) is a f unction of x which is positive and continuous for 
all values of x greater than unity, and decreases steadily as x increases, 
then the series 

does or does not converge according as 

= [^(l>{x)dx 

J 1 

does or does not tend to a limit I as ^->oo; and, in the first case, the 
sum of the series is not greater than 0(1) 4- 

The sum must in fact be less than 0(1) + For it follows from (6) of 
§ 165, and Ch. VII, Misc. Ex. 43, that v^, < 0(r — 1) — 0(r) unless (j)(x) = 0(r) 
throughout the interval (r — 1, r); and this cannot be true for all values of v. 


4 >{\) + 4 >{ 2 )+... 


181. The series En~^. Much the most important apphca- 
tion of the integral test is to the series 

l-'-h2-^4-3-*4-...4-n-*+..., 


where s is any rational number. We have seen already (§77 and 
Exs. LX VIII. 15, Lxx. 1) that the series is divergent when a = 1. 

If 5 ^ 0 tlien it is obvious that the series is divergent. If 5 > 0 
then decreases as n increases, and we can apply the test. Here 



1-5 ' 


unless 8 = 1. If 5 > 1 then 0 as ^ oo, and 




1 

5^ 


= J, 


say. And if 5< 1 then as ^ ->oo, and so 0(^)->oo. Thus 

the series En-^ is convergent ?/ 5 > 1, divergent i/ 5 < 1, and in the 
first case its sum is less than 5/(5 — 1). 
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W© could of course prove that the series is divergent when « < 1 by 
comparing it with the divergent series 

It is however interesting to see how the integral test may be applied to 
the series when the preceding analysis fails. In this cose 


^ jCdx 

Jl ^ 


and it is easy to see that ^ oo when ^ ^ oo. For if g > 2" then 
l^”dx [‘^dx f^dx , 2 " dx 

^(i)> — = / — +/ — + ...+ / 

X Jl X J 2 X J2n-l X 

But by putting x = 2^w we obtain 


[‘^du 


["^^^dx _ f^du 
J 2 * X ] I U* 


i U-l* 

and so >n — , which shows that 0(^) -> 00 when f -> 00 . 

Jl u 


Examples LXXI. 1 . Prove by an argument similar to that used above, 
and without integration, that 0(^) z= ^ where s < 1, tends to infinity 

J 1 X* 

with 

2. The series Zn'U are convergent, and their sums ore not 

greater than 2, 3, 11 respectively. The series I!n~\y Ln~\l are divergent. 


3. The series U , where o>0, is convergent or divergent 

n* + a 

according as^>l+5or^^l + 5. [Compare with 

4. Discuss the convergence or divergence of the series 

+ a^n*2. + . . . -f o^n^k 
6j^n'i + 6anh+ ... +6^71*1 

where all the letters denote positive numbers and the s’s emd t's are 
rational and arranged in descending order of magmtude. 

6. Prove that if m > 0 then 

11 1 m + 1 

(m+ 1)®"^ (m + 2)*"^ 


6. Prove that 


1 






7. Prove that 


Trip. 1909) 


H P M 


*3 
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8. Prove that 




1 

yjn 


(Math. Trip. 1911) 


9. If <l)(n) -►Z> 1 then the series is convergent. K (j>(n) ->Z< 1 

then it is divergent. 

10. Prove that if a > 0, 6 > 0, and 0 < s < 1, then 

, (a-\-nbY~* 

}/r{n) = (a + b)-‘+(a + 2b)-’-\- ...-\-(a + nb)-‘---- — 

6(l-s) 

tends to a limit ^ when n -> oo. Prove also that 7/(n) — ^(n — 1) = 

and deduce that ^(n) = A + 0{n~‘). (Math. Trip. 1926) 


182. Cauchy’s condensation test. The second of the two 
tests mentioned in § 178 is as follows: if = <p{n) is a de- 
creasing function ofn, then the series I!<f{n) is convergent or divergent 
according as is convergent or divergent. 

We can prove this by an argument which we have used already 
(§77) for the special series Zn~'^. In the first place 

^( 3 ) + ^( 4 ) ^ 2 ^( 4 ), 

55 ( 5 ) + ^( 6 ) + ^( 7 ) + ^( 8 )> 4 ^( 8 ), 


0(2^+ 1) + ^(2^ + 2) + ... + ^(2^+1) ^2^^(2^+i). 

If 2’2^^(2^) diverges then so do and i72’^(;5(2^+^), 

and then the inequalities just obtained show that diverges. 

On the other hand 

?5(2) + m ^ 20(2), 0(4) + 0(5) + 0(6) + 0(7) ^ 40(4), 

and 80 on; and from this set of inequalities it follows that if 
272^(55(2^) converges then so does E(j)(n). Thus the theorem is 
established. 

For our present purposes the field of application of this test is 
practically the same as that of the integral test. It enables us 
to discuss the series 2Vi~* with equal ease. For En~^ will converge 
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or diverge according as converges or diverges, i.e. 

according as 5 > 1 or ^ ^ 1 . 

Examples LXXII. 1. Show that if a is any positive integer greater 
than 1 then L(j){n) is convergent or divergent according as Ila'^<j){a^) is 
convergent or divergent. [Use the same argmnenta as above, taking 
groups of a, o^, a®, ... terms.] 

2. If converges then lim2”^(2") = 0. Hence deduce Abel’s 

theorem of § 179. 


183. Further ratio tests. If then, by Taylor’s 

theorem. 


= 1 + 


]\- 


S 5(,5— 1) 


1 h - 

n hi" 


14- 


n) ' 


where 0 < 0 < 1 , and so 


u 


n 


Suppose now that 


.4 


^ = i--+o(4) (1). 

n \n?] 


If a > 1 , we can choose s so that \<s<a, and then 
for sufficiently largo n. But is convergent, and therefore, by 
4 of § 175, Ev^ is convergent. Similarly, if a < 1 , we can choose 
s so that a< 5 <l, and prove the divergence of Zv^ by com- 
parison with the divergent series Zu^. It follows that if 
satisfies ( 1 ), then Zv^ is convergent if a>\ and divergent a < 1 . 
We must leave the case a = 1 to the next chapter (Ex. xc. 6 ). 

We can prove similarly that if ( 1 ) is true, with any positive 
a, and 0<s<a, then v^ ^ Kn~^y and so v^ -> 0 . 

Let us consider in particular the ‘hypergeometric’ series 


_j_ <^(^+ 1)’/?(A+ 

l.y 1.2.7(74-1) 


( 2 ), 


where a, yff, 7 are real, and none of them is zero or a negative 
integer. Then the terms are ultimately of constant sign, and 

t'n+i _ (o^ + w)(/? + to) ^ ^ y+l-a-fi ^ 

V, (l + n)(7 + n) ■ n Vn*/ 

S3~i 
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Hence the aeries (2) is convergent when 7 >a + /? and divergent 
when y < a + /?. In particular the series 

, n n{n-\-\) 

'+I+-W+- 


is convergent when n< 0 and divergent when n>0. Also v^^ -> 0 if 

y>oL-^P— 1 . 


184. Infinite integrals. The integral test of § 180 shows 
that, if is a positive and decreasing function of x, then the 
series Z(^{n) is convergent or divergent according as the integral 
function 0(x) does or does not tend to a limit as x -^oo. Let us 
suppose that it does tend to a limit, and that 

hm I ^j{t)dt = L 
x—^co J 1 

Then we shall say that the integral 


J (f){t)dt 

is convergent, and has the value I ; and we shall call the integral an 
infinite integral. 

So far we have supposed (}){t) positive and decreasing. But it is 
natural to extend our definition to other cases. Nor is there any 
special point in supposing the lower limit to be unity. We are 
accordingly led to formulate the following definition. 

If 0(0 a function of t continuous for t^a, and 



then we shall say that the infinite integral 



( 1 ) 


is convergent and has the value Z. 

The ordinary integral between limits a and A, as defined in 
Ch. Vn, we shall sometimes call in contrast a finite integral. 
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On the other hand, when 

J (f>{t)dt^co, 

we shall say that the integral diverges to oo, and we can give a 
similar definition of divergence to — oo. Finally, when none of 
these alternatives occur, we shall say that the integral oscillates, 
finitely or infinitely, as a:-^oo. 

These definitions suggest the following remarks. 


(i) If we write / <l){t) dt = 

J a 

then the integral converges, diverges, or oscillates according as 0{x) tends 
to a limit, tends to oo (or to — oo), or oscillates, as x oo. If (2^(x) tends to a 
limit, which we may denote by (^(oo), then the value of the integral is 
(P(oo). More generally, if is any integral function of (p(x), then the 
value of the integral is 0(oo) — <P(a). 

(ii) In the special case in which is always positive it is clear that 
0(x) is an increasing function of x. Hence the only alternatives are 
convergence and divergence to oo. 


(iii) The general principle of convergence, corresponding to that of 
§96, is: a necessary and sufficient condition, for the convergence of the 
integral {1) is that 


/ * 

I (/>(x) dx 

J X, 


<d 


for x^>Xj^>X{$). 


(iv) The reader should not be puzzled by the use of the term infinite 
integral to denote something which has a definite value such as 2 or 
The distinction between an infinite integral and a finite integral is similar 
to that between an infinite series and a finite series, and no one supposes 
that an infinite series is necessarily divergent. 


(v) The integral / (f>{t)dt was defined in §§161-2 as a simple limit, 

J a 

i.e. as the limit of a certain finite sum. The infinite integral is therefore 
the limit of a limit, or what is known os a repeated limit. The notion of the 
infinite integral is essentially more complex than that of the fimte integral, 
of which it is a development. 

(vi) The integral test of § 180 may now be stated in the form: if <j>(x) 
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is positive and decreases steadily as x increases, then the infinite series E(j){n) 
and the infinite integral / (j>{x) dx converge or diverge together, 

(vii) The reader will find no difficulty in formulating and proving 
theorems for infinite integi'uls analogous to those stated in (l)-(6) of § 77. 

/-CO 

Thus the result analogous to (2) is that if I (j)(x) dx is convergent, and b>a, 

J a 

/■® 

t?i€n / dx is convergent and 

Jb 

rco rb /CO 

I (j){x)dx = I (l)(x)dx+ / (f){x)dx, 

J a J a Jb 


185. The case in which ^{x) is positive. It is natural 
to consider what are the general theorems, concerning the con- 
vergence or divergence of the infinite integral (1) of §184, 
analogous to theorems A-D of § 173. That A is true of integrals 
as well as of series we have already seen in §184 (ii). Corre- 
sponding to B we have the theorem that a necessary arid 
sufficient condition for the convergence of the integral (1) is that 
there should be a constant K such that 



<K 


for all values ofx greater than a. Similarly, corresponding to C, we 
have the theorem: if j f){x)dx is convergent, and }Jf{x) <K(p{x) 

r® 

for all values of x greater than a, then dx is convergent and 

j \lr[x)dx'^K[ (f>{x)dx. 

J a J a 


We leave it to the reader to formulate the corresponding test for 
divergence. 

We may observe that d’Alembert’s test (§175), depending 
as it does on the notion of successive terms, has no analogue for 
integrals; and that the analogue of Cauchy’s test is not of much 
importance, and in any case could only be formulated when we 
have investigated in greater detail the theory of the function 
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(f)[x) = r^, as we shall do in Ch. IX. The most important special 
tests are obtained by comparison with the integral 



(a > 0), 


whose convergence or divergence we have investigated in § 181, 
and are as follows: if (/j{x) < Kx^^\ where 5>1, when x^a, then 

f” . 

(l)[x) dx is convergent ; and if (^{x) > Kx~^, where X > 0 and 5^1, 


when x^a, then the integral is divergent ; and in particular y if 
lim 7f(])(x) = ly where Z > 0, then the integral is convergent or divergent 
according as s> I or 5 ^ 1. 


There is one fimdamontal property of a convergent infinite series in 
regard to which the analogy between infinite series and infinite integrals 
breaks down. If E(}){n) is convergent then ^(n)-^ 0; but it is not always 

true, even when is always positive, that if / (j)(x)dx is convergent 

J a 

then (p{x) -► 0. 

Consider for example the fimction (f>{x) whose graph is indicated by the 
thick line in tlie figure. Here the height of the peaks corresponding to the 
points X = 1, 2, 3, ... is in each case unity, and the breadth of the peak 



corresponding to x = n is 2/(n + 1)^. The area of the peak is l/(n + !)■, and 
it is evident that, for any value of 

80 that I (p{x) dx is convergent; but it is not true that (f>{x) -► 0. 

Jo 


Examples LXXIII. 1. The integral 

ax’’ + /?.r»-i + ... + A 


/■ 
J a 


Ax‘ + Bx-^ + ... + L 


duCp 
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where a and A are positive and a is greater than the greatest root (if any) 
of the denominator, is convergent if 5 > r -1- 1 and otherwise divergent. 

2. Which of the integrals 


Z"® dx 

dx 

Z"® xdx 

x^dx 

r 

la xt ’ 

Ja + 

Ja C^-\rX^* 

Ja C^ + X^’ 

Ja 


are convergent ? In the first two integrals it is supposed that o > 0, and 
in the last that o is greater than the greatest root (if any) of the denomin- 
ator. 

3. The integrals i cos xdx, ( cos (ocx-f /?) dx oscillate finitely as 00 . 


4. The integrals / xco^xdx, / x" cos (ax + /^) dx, where n is any 

■fa J a 

positive integer, oscillate infinitely as oo. 

6. Integrals to — 00 . If f <p(x) dx tends to a hmit I els — co, then we 
say that / <f)(x) dx is convergent and equal to 1. Such integrals possess 

7—00 

properties in every respect analogous to those of the integrals discussed 
in the preceding sections: the reader will find no difficulty in formulating 
them. 

6. Integrals from — 00 to -l- 00 . If the integrals 

I <j){x) dx, I (f>{x) dx 
J — CO J a 

£U*e both convergent, and have the values k, I respectively, then we aay that 

rco 

/ (j){x) dx 

J — CO 

is convergent and has the value k-^l. 

7. Prove that 

/■o dx dx dx 

j-ccT+X^ ^ Jo 1+X‘ ~ \La,T+x‘ ^ 

/ CO rcD 

<j){x^) dx = 2 dx, provided that the integral 

-00 JQ 

.00 

/ ^(x*) dx is convergent. 

Jo 

rco rCO 

9. Prove that if / x^(x“) dx is convergent then / x(f){x^) dx = 0, 

Jo 7-00 
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10. Analogue of Abel’s theorem of §179. If f){x) is positive and 

steadily decreases, and / (j){x) dx is convergent, then x(f){x) -> 0. Prove this 

J a 

(a) by means of Abel’s theorem and the integral test and {b) directly, by 
arguments analogous to those of § 179. 

11. If a = Xq < < 3^2 < . . . and x„ oo, and dx, then the 

Xn 

convergence of / <f>(x) dx involves that of If (l>(x) is always positive 
J a 

the converse statement is also true. [That the converse is not true in 
general is shown by the example in which ^(a;) = cos x, x^ = mrJ] 


186. Application to infinite integrals of the rules for 
substitution and integration by parts. The rules for the 
transformation of a definite integral which were discussed in 
§166 may be extended so as to apply to infinite integrals. 

(1) Transformation by substitution. Suppose that 



( 1 ) 


is convergent. Further suppose that, for any value of g greater 
than a, we have, as in § 166,* 

[*<f){x)dx=[ ( 2 ), 

J a Jb 

where a = f{b), ^=/(t). Finally suppose that the functional 
relation x = f(t) is such that w^hen t^co. Then, making r 

and so £ tend to oo in (2), we see that the integral 


(3) 

is convergent and equal to the integral (1). 

On the other hand it may happen that ^-^oo when t-> — oo 
or when r->c. In the first case we obtain 


J (j)(x)dx 


= lim f (f>{f(t)}f'{t)dt 

T~^—co J b 

= - lim = 

r— ►— oojr J — CD 

* f and (p axe now interchanged. 
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In the second case we obtain 


.( 4 ). 


(* <l){x)dx = \\m r (^{f{t)}f'{t)dt 

J a T->-C J b 

We shall return to this equation in § 188 . 

There are of course corresponding results for integrals over 
( — 00, a) or ( — 00,00) which the reader will be able to formulate 
for himself. 

Examples LXXIV. 1. Show, by means of the substitution x = 
that if > 1 and a > 0 then 


/ OO /-GO 

x~*dx = a j 


and verify the result by calculating the value of each integral directly. 

2. If / (f>{x) dx is convergent then it is equal to one or other of 

J a 

{a-/3)la 


■'(a 


+ dt. 


(f>{at -{■ fi) dt, —a 

Ua-J5)la ^-00 

according eis a is positive or negative. 

3. If (f>(x) is a positive and steadily decreasing function of x, and a and 
are any positive numbers, then the convergence of the series 
implies and is implied by that of the series l!(f){an + fi). [It follows at once, 
on making the substitution x — at py that the integrals 


Ja ha-pMoL 


dt 


converge or diverge together. Now use the integral test.] 
dx 


4. Show that 



[Put x = t*.] 


/-OO 

6. Evaluate / , - ^’^ ^and / — 

/o (l + a:*)" io (1 


dx 


- , n being a positive integer. 


I * 

(Math, Trip. 1929, 1935) 

fin 

[The substitution x = cot^ reduces the integrals to / 

Jo 


end 


Bin*"“^dd^. Now use Ex. lxvi. 10.] 

6. If </>(x) -► as X -> 00 , and (f>{x) A; os x — oo, then 

j {<l>(x — a) — ip(x — b)}dx^—(a — b)(h — k). 
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[For j {(f>{z-a)-</>(x-b)}dx = j <f>{x-a)dx- j (f>{x-b)dx 

= / (l>(t)dt— / (f>{t)dt= I <j)(i)dt— / <p{t)dt, 

J-i'-a J-i'-b J -i'-a J ^~a 

The first of these two integrals may be expressed in the form 

-i'-b 

(a — b)Jc+ I pdt, 

J -f'-a 

where p-^0 as and the modulus of the last integral does not 

exceed | o — 6 | /c, where k is the greatest value of p tliroughout the interval 
-a, — b). Hence 

/ dt-> (a — b)k, 

J -i'-a 

The second integral may be discussed similarly.] 

(2) Integration by parts. The formula for integration by 
parts (§ 1G6) is 

f V(^') = fii) f^(b) -/(a) (f>{a) - I* V'(^) 4>{^) 

J a J a 

Suppose now that ^->oo. Then if any two of the three terms in 
the above equation which involve ^ tend to hmits, so does the 
third, and we obtain the result 


/(x) (l)'{x) dx = lim /(g) ^(g) -/(a) 0(a) - f'{x) <p(x) dx. 

J a f->oo J a 

There are of course similar results for integrals to — oo, or from 

— 00 to CX). 


Examples LXXV. 1. Show that 


0 (1 + ^)^ 


dx = I 


2. If m and n — 1 are positive integers, and = 

(m + n— 1) Hence prove that 

m ! (n — 2) ! 


Vo (1 + ^)* ^ 

x^dx 

/ r~T~ » then 

/o (l + a:)-+" 


(OT + n-i)!’ 


3. Prove that 


-dx = 1 -r iTT-. [Put X = when we obtain 


t^dt d / 1 \ . 

^/i rr+^*“”/i s(i+<v 


Now integrate by parta.] 
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4. Prove by partial integration that, if is the first integral of 
Ex. TiXXTV. 6, and n> 1, then (2n—2)u^ = (2n— and so evaluate 
u„. {Math. Trip. 1935) 

[Observe that 

/•® x^dx 1 r d ( 1 ) ^ ^ 

^n -1 2{n-l) Jo^dx 

187. Other types of infinite integrals. It was assumed, 
in the definition of the ordinary or finite integral given in Ch. VII, 
that (1) the range of integration is finite and (2) the subject of 
integration is continuous. 

It is possible, however, to extend the notion of the ‘definite 
integrar so as to apply to many cases in which these conditions 
are not satisfied. The ‘infinite’ integrals which we have discussed 
in the preceding sections, for example, differ from those of Ch. VII 
in that the range of integration is infinite. We shall now suppose 
that it is the second condition (2) which is not satisfied. The most 
important case is that in which (f){x) is continuous throughout 
the range of integration (a, A) except for a finite number of values 
of X, say X = ^ 1 , while (f>{x)-^oo or (f>(x)-^ — co as x tends to 

any of these exceptional values from either side. 

It is evident that we need only consider the case in which 
(a, A) contains one such point When there is more than one 
such point we can divide up (a, A) into a finite number of sub- 
intervals each of which contains only one; and, if the value of 
the integral over each of these sub-intervals has been defined, 
we can then define the integral over the whole interval as being 
the sum of the integrals over each sub-interval. Further, we 
can suppose that the one point ^ in [a, A) comes at one of the 
limits a, A. For, if it comes between a and A, we can define 

£ dx as ^ 

Jo J i 

assuming each of these integrals to have been satisfactorily 
defined. We shall suppose, then, that ^ = a; it is evident that the 
definitions to which we are led will apply, with trifling changes, 
to the case in which i = A, 



AND INFINITE INTEGRALS 


365 


186, 187] 

Let us then suppose ^{x) to be continuous throughout {a^A) 
except for x = a, while <f>{x)-^co && x-^ a through values greater 
than a. A typical example of such a function is given by 
(/){x) 3= 

where 8>0] or, in particular, if a = 0, by (p{x) = x~^. Let us 
therefore consider how we can define 


when 5 > 0 
The in 


J 


^^dx 
0 ^ 


.( 1 ), 


y^^^diy is convergent if s < 1 (§185) and means 


itegral ? 

J IIA^ 

rv 

lim y^~'^dy. But if we make the substitution y = l/x, we 
i;— vco J \ jA 


obtain 


f ‘ 


if'-dij = x~^dx. 


J i/v 


lim f x~^dx, or, what is tlie same tiling, lim 
7-^00 J llrj e->- + 0 


i: 


x~^dx. 


Thus lim 

V- 

exists provided that s <1; and it is natural to define the value of 
the integral (1) as being equal to this limit. Similar considerations 


lead us to define 


a)~^dx by the equation 


{x — a)~^dx — hm 

J a €— v + oja 


{x — aY'^ dx. 


We are thus led to the following general definition: if the integral 

^A 

f){x)dx 


f' 


tends to a limit I as e^ + 0^ we shall say that the integral 

rA 

f>(x)dx 


I. 

is convergent and has the value 1. 

Similarly, when ^(a;)-^oo as x tends to the upper fimit A, we 

define J (^(x) dx as being 

rA-€ 

hm 

•-►+0 J a 
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and then, as we explained above, we can extend our definitions 
to cover the case in which the interval (a, A) contains any finite 
number of infinities of (p{x). 

An integral in which the subject of integration tends to oo or 
to — 00 as X tends to some value or values included in the range of 
integration will be called an infinite integral of the second kind: 
the first kind of infinite integrals being the class discussed in 
§§ 184 seq. Nearly all the remarks (i)-(vii) made at the end of 
§184 apply to infinite integrals of the second kind as weU as to 
those of the first. 

We framed our definitions with functions in mind which tend to infinity 
for special v^alues of x, but tlii'y can be used also when the integrand has 
discontinuities of other types. Thus if f{x) = — 1 for — 1 < 0, /(O) = 0, 

and f(x) = 1 for 0<a;^ 1, then j f{x)dx means 

hm f f{x)dx-\- lim f f(x)dx= hm (—1 + 77)+ lim (1 — e) = 0. 

The definition may also be used when /(a:) has oscillatory discontinuities, 
e.g. if f{x) = 8in(l/a^). 


188 . We may now write the equation (4) of § 186 in the form 





( 1 ). 


The integral on the right-hand side is defined as the limit, as r->- c, of the 
corresponding integral over the range (6 ,t), i.e. as an infinite integral of 
the second kind. And when has an infinity at ^ = c the in- 

tegral is essentially an infinite integral. Suppose, for example, that 
(j>(x) = where l<m<2, and' a = 0, and that J(t) = 

Then 6 = 0, c = 1, and (1) becomes 



and the integral on the right-hand side is an infinite integral of the second 
kind. 


On the other hand it may happen that <p{J{t)}f'{t) is continuous for 
c. In this case 
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is a finite integral, and 

lim r 4>[m}mdt = 

T—>-c'b Jb 

in virtue of the corollary to Theorem (10) of §105. The substitution 
=/(0 then transforms an infinite into a finite integral. This case 
arises if m ^ 2 in the example considered a moment ago. 


Examples LXXVI. 1. If (j)(x) is continuous except for x = a, while 

4>(x) -> 00 as X a, then a necessary and sufficient condition that / ^(x) dx 

J a 

should be convergent is that we can find a constant K such that 

i-A 

j <f){x)dx<K 
a+6 

for all positive values of e. 

It is clear that we can choose a number A' between a and A so that 
<f)(x) is positive throughout (a,^"). If (f>{x) is positive throughout the 
whole interval (a, A) then we can identify A' and A. Now 

( (f){x)dx= i (l>(x)dx-\- j ^(x)dx. 

Ja-€ -'a-e -A' 


The first integral on the right-hand side of the above equation increases 
os e decreases, and therefore tends to a limit or to oo; and the truth of the 
result stated becomes evident. 

fA 

If the condition is not satisfied then / (j)(x)dx-> oo. We shall then 

J a- € 

[A 

say that the integral / 0(x) dx diverges to oo. It is clear that if (f>{x)^ oo 

J a 

as x->>a + 0 then convergence and divergence to oo are the only alter- 
natives for the integral. We may discuss similarly the case in which 
(f>{x) — oo. 

M (A — ay-‘ 

2. Prove that / (x — a)’dx = — 

Ja 


if < 1, while the integral is divergent if 5^ 1. 


3. If (f>{x) is continuous for o<x^^,and 0^ ^(x) <ii’(x — a) ', where 

1, then j (f>(x)dx is convergent; and if 0(x)>iv(x — a) where 1, 
J a 

then the integral is divergent. [This is a particular case of a general 
comparison theorem analogous to that stated in § 186.] 
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4. Are the integrals 


M dx 


dx 

la ^{(x-a)(A-x)}’ J 

a (A-x)^{x-a)' J 

a (A-x)^(A~x)’ 


^ 1 

1 


1'^ dx 

]„ ^{x^-a^y J 


a j 

a A^ — x^ 


convergent or divergent? 


f ^ dx f l dx 

5. The integrals / -r, are convergent, and the value 


of each is zero. 


/■^ dx 

0. The integral / — — ^ is convergent. [The subject of integration 

Jo 


tends to C30 as a: tends to either limit.] 


7. The integral 


dx 

0 (sinx) 


- is convergent if and only if s < 1. 


f ^ Sin X 

8. Show that j — dx, where > 0, is convergent if p < 2. Show also 
that, if 0 <p < 2, the integrals 


sinx 

sinx 

fSn 

/ — ox, 

Jo 

( dx, 

Jr, 

-L 


alternate in sign and steadily decrease in absolute value. [Transform the 
integral whose limits are kn and (A:+ 1) by the substitution x = k7T + y.] 

/ ^ cir* 'T 


9. Show that 
when h = n, 

fiTT 


J 

J 0 


-dx, whore 0<p<2, attains its greatest value 


10 


(Math. Trip. 1911) 

r\7T 

. / (cosic)* (sinx)*"da; is convergent if and only if Z> — 1, m> — 1. 

Jo 

/-CO x*-^dx 

11. Such an integral as / , where «< 1, does not fall directly 

Jo l+x 

under any of our previous definitions. For the range of integration is 
infinite and the subject of integration tends to oo as x -> + 0. It is natural 
to define this integral os being equal to the sum 


r^x^-'^dx 

Jo 1+a; Ji 1+x 


provided that these two integrals are both convergent. 

The first integral is convergent if 5 > 0. The second is convergent if « < 1. 
Thus the integral from 0 to oo is convergent if and only if 0 < a < 1. 
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12. Prove that 


— dx is convergent if and only if 0 < s < ^ 


13. The integral 


rOD ^a-1 _ ~t-l 


- dx is convergent if and only if 0 < 5 < 1, 


0 < < < 1. [It should be noticed that the subject of integration is undefined 
when X = \\ but — t — 8 as a;-»- 1 from either side; so 

that the subject of integration becomes a continuous function of x if we 
assign to it the value t — a when x = 

It often happens that the subject of integration has a discontinuity 
which is due simply to a failure in its definition at a particular point in the 
range of integration, and can be removed by attaching a particular value 
to it at that point. In this case it is usual to suppose the definition of the 
subject of integration completed in this way. Thus the integrals 


Jo X Jo smx 

are ordinary finite intogi'als, if the subjects of integration are regarded as 
having the value m when x = 0.] 

14. Substitution and integration by parts. The formulae for trans- 
formation by substitution and integration by parts may of course be 
extended to infinite integrals of the second as well as of the first kind. The 
reader should formulate the general theorems for himself, on the Lines of 
§186. 

15. Prove by integration by parts that if > 0, f > 1, then 

/I t-l /-l 

/ x*~^{l —xy~^dx = / x*(l— x)‘ ^dx, 

Jo s Jo 


10. If5>0then 


dx 

' 0 1 + ^ 


-. [Put X = 1/^.] 


0 < < 1 then / — , ■■ - dx = / = / — 

Jo 1+x Jo Jo 1 


dt 


18. If a + 6> 0 then 


[Put x — b = 


/Oo (hr 7T 

/ TT = — . (Math. Trip. 1909) 

/b (x-\-a)^(x-h) yl(a-\-h) 


If 7^ = / and n>0, then (2n+ 1) 7„ = 2na*7„_i. 

Jo 

(Math. Trip. 1934) 


H P M 


2^ 
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[Observe that 

In=l {a^ — x^)^ — xdx = 2n f a:*(a* — da; = 2n(a*/„_i — 

Jo Jo 

The result may be used to evaluate 1„ when n is a positive integer. The 
substitution x = a cos 6 reduces to the integral of Ex. lxvi. 10.] 

20. Show, by means of the substitution x = — that if I and m 

are both positive then 

r\ 


/o (l + a:)^+"' 


dx = / 


21. Show, by means of the substitution x = pf/(p+l — that if Z, m, 
and p are all positive then 


f a;‘“^(l — a:)”*~^ 

Jo 


{x-\-pY-^”^ (\-\-pYp^Jo 




22. Prove that 


(i) by means of the substitution x = a + (b — a)t^, (ii) by means of the 
substitution {b — x)l{x — a) = t, and (iii) by means of the substitution 
X = a cos* ^ + 6 sin* ^ 

23. Prove that if p and q are positive and /(p, q)= 1 — dx, 

Jo 

then f(p+lrq)+f(p,q+l) =f{p.q), qfip+^.q) =P/(P.7+1)- 
Express /(p+ l,g) and/(p, 1) in terms of f(p,q)', and prove that 

. (n-1)! 

p{p+l)...(p + n-l)’ 

where n is a positive integer. (Math. Trip. 1926) 

24. Establish the formulae 

[^m±^__^Y”f(s\ne)de, 

Jo-’ 

r fix) dx 

= 2 / f(a cos* 0 4- 6 sin* 8) dO. 

^{(x-a){b-x)} jo 


26. Prove that 


(a;+l)V(2:*-l) V3‘ 


(Math. Trip. 1030) 


26. Prove that 


n dx _ j 1 1 \ 

/o (l+a:)(2 + a:)V{x(l- 2 ;)} “’^VV2“76^‘ 


[Put X = sin* 0 and uae Ex. t . xtit . 7.] 


(Math. Trip. 1915 
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189. Some care has occasionally to be exercised in applying the rule 
for trcmaformation by substitution. Suppose for example that 


=/>- 


6x+ 13) dx. 


We find by direct integration that J = 48. Now let us apply the sub- 
stitution « ^ 

y = — 

which gives x = 3 ± — 4). Since y = S when x = 1 and y = 20 when 

X = 1, we appear to be led to the result 


j=j 

The indefinite integral is 


^20 dx ydy 

y ,-dy = ±i 

8 ‘iy Ji ^/(y-‘i) 


and so we obtain the value ± which is wrong whichever sign we choose. 

The explanation is to bo found in a closer consideration of the relation 
between x and y. The function — 13 has a minimum for x = 3, 

when y = 4. As X increatses from 1 to 3, y decreases from 8 to 4, and dxjdy 
is negative, so that 

dx 1 

dy 2^(y-i)’ 


As X increases from 3 to 7, y increases from 4 to 20, and the other sign must 
bo chosen. Thus 


J = Cydx = j 1 dy+ dy, 

Jl h 1 2V(y-4)J Ji 2V(2/-4) 

a formula which will be found to lead to the correct result. 

Similarly, if we transform the integral / dx = 77 by the substitution 

Jo 

x = arc8iny, we must observe that dxjdy is (1— y^)“* or — (1— 
according os 0 ^ x < J 77 or J 77 < x ^ 77 . 

Example. Verify the results of transforming the integrals 

( (4x*-x-f i cos^xdx 

Jo Jo 

by the substitutions 4x^ — a: 4- = y, x = arc sin y respectively. 


190. Series of positive and negative terms. Our defini- 
tions of the sum of an infinite series, and the value of an infinite 
integral, whether of the first or the second kind, apply to series 
of terms or integrals of functions whose values may be of either 

14-a 
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sign. But the special tests for convergence or divergence which 
we have established in this chapter, and the examples by which 
we have illustrated them, have had reference almost entirely to 
cases in which these values are all positive or all negative. 

In the case of a series it has always been assumed, explicitly 
or tacitly, that any conditions imposed upon may be violated 
for a finite number of terms: all that is necessary is that such a 
condition (e.g. that the terms are positive) should be satisfied 
fi'om some term onwards. Similarly in the case of an infinite 
integral the conditions have been supposed to be satisfied for all 
values of x greater than some value or for all values of x 
within some interval {a, a + 8) which includes the value a near 
which the subject of integration tends to infinity. Thus our 
tests apply to such a series as 



since — 10 > 0 when n ^ 4, and to such integrals as 



3:r-7 

^-Ti)' 


dx, 



dXy 


since 3^: — 7 > 0 when x>l, and 1 — 2a: > 0 when 0<x<^. 

But when the changes of sign of 'persist throughout the series ^ 
i.e. when the number of both positive and negative terms is 
infinite, as in the series 1 — i + J+...;or when 0(a:) continually 

changes sign when x-^oo, as in the integral 



sinx 


dx^ 


or when x->a, where a is a point of discontinuity of ^(x), as in 
the integral 



then the problem of discussing convergence or divergence becomes 
more difficult. For now we have to consider the possibility of 
oscillation as well as of convergence or divergence. 
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190, 191] 

191. Absolutely convergent series. Let us then consider 
a series Eu^ in which any term may be either positive or negative. 
Let , , 

I I 

SO that cc^ = if is positive and = —u^ if is negative. 
Further, let or = 0, according as is positive or 

negative, and = —u^ or = 0, according as is negative or 
positive; or, what is the same thing, let or be equal to 
according as is positive or negative, the other being in either 
case equal to zero. Then it is evident that and are always 
positive, and that 

+ ^n* 

If, for example, our series is 1 — (i)“ + (i)^ — . • then = (— 
and a„ = 1/n^, while = Ijn? or = 0 according as ii is odd or even, and 
Wn = l/n^ or = 0 according as n is oven or odd. 

We can now distinguish two cases. 

A. Suppose that the series is convergent. This is the case, 
for instance, in the example above, where Ea^^ is 

Then both Ev^^ and Eiv^^ are convergent: for (Ex. xxx. 18) any 
series selected from the terms of a convergent series of positive 
terms is convergent. And hence, by Theorem (G) of §77, Eu^ or 
E — w^) is convergent and equal to Ev^^ — Eii\^. 

We are thus led to formulate the following definition. 

Definition. When Ea^^ or E\u^ \ is convergent, the series Eu^ 
is said to be absolutely convergent. 

And what we have proved above amounts to this: if Eu^ is 
absolutely convergent then it is convergent ; so are the series formed 
by its positive and negative terms taken separately \ and the sum of 
the series is equal to the sum of the positive terms plus the sum of the 
negative terms. 

The reader should guard himself against supposing that the statement 
‘an absolutely convergent series is convergent’ is a tautology. When we 
say that Eu^ is ‘ absolutely convergent ’ we do not assert directly that Eu^ 
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is convergent: we assert the convergence of another series E\u^\, and 
it is not evident that this precludes oscillation on the part of Z’u^. 

Examples LXXVII. 1 . Employ the ‘ general principle of convergence * 
(§ 84, Theorem 2) to prove that an absolutely convergent series is con- 
vergent. [Since -T | | is convergent, we can, when any positive number 

6 is assigned, choose so that 

I I + I ^n^+a I + ••• + I I <<^ 

when n, > > ng. A fortiori 

I ^Hj+a + • • • + I < d, 

and therefore is convergent.] 

2. If Han is convergent series of positive terms, and | 6„ | then 

Hbn is absolutely convergent. 

3. If Hun is a convergent series of positive terms, then the series I!a„x^ 
is absolutcl}^ convergent when — 1 ^ 2 : ^ 1 . 

4. If Za„ is a convergent series of positive terms, then the series 
HanCosnO, i7a„sinn(9 are absolutc'ly converge^nt for all values of 0. [Ex- 
amples are afforded by the series cos nO, Zr^ sin 716 of § 88.] 

6. Any series selected from the terms of an absolutely convergent 
series is absoliitc'ly convergent. [For the series of the moduli of its terms 
is a selection from the series of the moduli of the terms of the original 
series.] 

6. Prove that if 27 1 | is convergent then | Hun | ^ 27 | |, and that 

the only case of equality is that in which every term has the same 
sign. 

192. Extension of Dirichlet’s theorem to absolutely 
convergent series. Diriclilot’s theorem (§ 176) ehowe that 
the terms of a series of positive terms may be rearranged in any 
way without affecting its sum. It is now easy to see that any 
absolutely convergent series has the same property. For let 
be BO rearranged as to become and let a^, be formed 

from as a^, were formed from Then Zoc^ is con- 

vergent, since it is a rearrangement of Zoc^, and so are Zv^^, Zw'^, 
which are rearrangements of Zv^, Zw^. Also, by Dirichlet’s 
theorem, Zv!^ = Zv^ and Zw^ = so 
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193. Conditionally convergent series. B. We have now 
to consider the second case indicated above, viz. that in which 
the series of moduh Zol^ diverges to oo. 

Definition. If Zu^ is convergent, but Z\u^\ divergent, the 
original series is said to be conditionally convergent. 

In the first place we note that, if Zu^ is conditionally con- 
vergent, then the series Zv^, must both diverge to oo. 

They cannot both converge, since this would involve the con- 
vergence of Z(Vn-\-Wj^) or Za^. And if one of them, say Zw^, is 
convergent, and Zv^ divergent, then 

N N N 

( 1 ), 

0 0 0 

and therefore tends to oo with N, which is contrary to the 
hypothesis that Zu^ is convergent. 

Hence Zv^, Ziv^ are both divergent. It is clear from equation 
(1) above that the sum of a conditionally convergent series is 
the hmit of the difference of two functions each of which tends 
to 00 with n. It is obvious too that Zu^ no longer possesses the 
property of convergent scries of positive terms (Ex. xxx. 18), and 
all absolutely convergent series (Ex. lxxvii. 5), that any selection 
from the terms itself forms a convergent series. And it seems more 
than likely that the property prescribed by Dirichlet’s theorem 
will not be possessed by conditionally convergent series; at any 
rate the proof of § 192 fails completely, since it depends essen- 
tially on the convergence of Zv^ and ZwJ^ separately. We shall see 
in a moment that this conjecture is well founded, and that the 
theorem is not true for series such as we are now considering. 

194. Tests of convergence for conditionally convergent 
series. It is not to be expected that we should be able to find 
tests for conditional convergence as simple and general as those 
of §§ 173 e/ seq. It is naturally more difficult to formulate tests 
of convergence for series whose convergence, as is shown by 
equation (1) above, depends essentially on the cancelhng of 
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the positive by the negative terms. In the first place there are 
no comparison tests for convergence of conditionally convergent 
series. 

For suppose we wish to infer the convergence of Zv^ from that 
of Zu^. We have to compare 

ro + ri + ...-f-v„, Wo-f + +Wn- 

If every u and every v were positive, and (a) every v less than the 
corresponding w, we could at once infer that 

^0 'h • -h V^ < Uq -h -h ■ . ■ 4- 

and so that Zv^ is convergent. If the ^t’8 only were positive and 
(6) every v numerically less than the corresponding u, we could 
infer that 

hol + h’ll + ”- + knl<«0 + Wi+...+M„, 

and so that Zv^ is absolutely convergent. But in the general case, 
when the u'b and t;’s are both unrestricted as to sign, all that we 
can infer from (6) is that 

ho I + hi I + • ■ • + I I < ! Mo 1 + I 1 + . . . + I M„ I . 

This would enable us to infer the absolute convergence of Zv^ 
from the absolute convergence of Zu^^; but if Zu^ is only con- 
ditionally convergent we can draw no inference at all. 

Example. We shall see shortly that the series 1 — 4-fl — J-l-... is con- 
vergent. But the series i-tj-ti-t-r, + ••• is divergent, although each of its 
terras is numerically less than the corresponding term of the former series. 

It is therefore only natural that such tests as we can obtain 
should be of a much more special character than those given in 
the early part of this chapter. 

195. Alternating series. The simplest conditionally con- 
vergent series are alternating series, series whose terms are alter- 
nately positive and negative. The convergence of the most 
important series of this type is established by the following 
theorem. 
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194, 196] 

U ?^(^) ^ ^ positive function of n which tends steadily to zero 
as n^oo, then the series 

is convergent, and its sum lies between ^( 0 ) and ^( 0 ) — <55(1). 

Let us write ... for ^(0), ^(1), ...; and let 

Then + ••• + (“ 

•^271+1 ^2n-\ ~ f^2n ~ ^27i+l = ~~ ^2n-2 — ~ {^2n-\ ~~ ^2n) = 

Hence s^, ..., ^ 2 ^, ... is a decreasing sequence, and therefore 
tends to a limit or to — cc, and 5^, s^, 52n+i» is ^.n in- 

creasing sequence, and therefore tends to a limit or to oo. But 
(’-‘^271+1 -•52n) = 9 ^ 271+1 = ^7 from which it follows 

that both sequences must tend to limits, and that the two hmits 
must be the same. That is to say, the sequence Sq, 6q, ..., s^, ... 
tends to a hmit. Since Sq = ^ is cioar that this 

limit lies between <pQ and (pQ — pi^ 


Examples LXXVIII. 1. Tho scries 

111 111 

2'^3 v'2‘^V3 

i'lrJl" V- V (-1)" 

n-\-a * ^(n + a)’ 

whore a> 0, are conditionally convergent. 

2. The series 27( — 1)" (n -|- o)“', where a> 0, is absolutely convergent if 
s > 1, conditionally convergent if 0 <5 ^ 1, and oscillatory if 5 ^ 0. 

3. The sum of the series of § 195 lies between and for all values 
of n; and the error committed by taking the sum of the first n terms instead 
of the sum of the whole series is not greater numerically than the modulus 
of the (n+ l)th term. 

(- 1 )" 

4. Consider the series 27 - 7 ^ tt"* 

which we suppose to begin with the term for which n = 2, to avoid any 
difficulty as to the definitions of the first few terms. This series may be 
written in the form 

(-1)" HI)."! 

or -■■ h- T-j 

I Vn n-t( — 1)"V’^1 


4. Consider the series 
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say. The series is convergent; but HXn is divergent, since all its terms 
are positive and limn;^„ = 1. Hence the original series is divergent, 
although it is of the form — 0a + 9^4 — . . where 0„->O. This example 
shows that the condition that 0„ should tend steadily to zero is essential 
to the truth of the theorem. The reader will eeisily verify that 
V(2 n+l)-l<V( 2n) + l, 
so that this condition is not satisfied here. 

6. If the conditions of § 195 are satisfied except that 0„ tends steadily 
to a positive limit Z, then the series Z’( — 1)" 0„ oscillates finitely. 

a(a + 1) ... (a + n+ 1) 

6, The series i7( — 1)" — — - , where neither a nor 6 is 0 

6(6+1). .-(6 + n+l) 

or a negative integer, converges if and only if a < 6. (Math. Trip. 1927) 

[Call the series 2'( — 1)" and suppose first that a and 6 are positive. 
If a ^ 6 then ^ and 0„ does not tend to 0. If o < 6 then < 0„ 
and (§183), so that the conditions of the general theorem are 

satisfied. 

In the general case we can choose N so that a' = o + and 6' = 6 + JV 
are both positive, and 0„ is a multiple of where 

^ o''(a'' + 1) . . . (o' + n + 1 ) 

== 6'r6'Tl ) rr(6'Tn +^^ 

7. Alteration of the sum of a conditionally convergent series 
by rearrangement of the terms. Let a be the sum of the series 

I — J+ } — i + 

and s^n the of its first 2 n terms, so that lim Q^nd rearrange the 

+ i + (1), 

two positive terms being followed by one negative term. If t^^ is the sum 
of the first 3n terms of the new series, then 

II 1 


^[^-^2 + ^3 — - + 4 ;^-^;;] = O ' 

since the sum of the terms inside the brocket is leas than n/( 2n + 1 ) (2n + 2) ; 
and 






2n+2 2n + 4 


+ ...+ — ) = ilim- Z 


n,i:-ll + (r/n) 


= i 
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after §§161 and 164. Hence 


T t 

limf3„ = a + i/ — , 

Jl X 

and it follows that the sum of the series ( 1 ) is not 5 , but the right-hand side 
of the last equation. Later on we shall give the actual values of the sums 
of the two series: see § 220 , Ex. xc. 7, and Ch. IX, Misc. Ex. 19. 

It can indeed be proved that a conditionally convergent series can always 
be so rearranged as to converge to any sum whatever, or to diverge to oo or 
to — 00 . For a proof wo may refer to Bromwich’s Infinite series, 2nd 
edition, p. 74. 


o rr., 1111 

8 . The senes 1 + - , 7 + r + / 


diverges to 00 . [Here 


<>- j j ^ ^ 3) + • • • + _ j j . 

where = 1 7 ^ » which tends to a limit when n -► 00 .] 

V2 


196. Abel’s and Dirichlet’s tests of convergence. A more 
general test, which includes the test of § 195 as a particular case, is the 
following. 

Dirichlet’s test. If <l>n satisfies the same conditions as in ^ 195, and 
Za^is any series which converges or oscillates finitely, then the series 

is convergent. 

The reader will easily verify the identity 

= «o(V^o + - (i„) + 

where = Og + + ... + a„. Now the series (^0 ~ ^ 1 ) + (0i “ ^ 2 ) + . • . is 

convergent, since the sum to n terms is <f>o—f^n hm = 0; and all its 
terms are positive. Also since Zci„, if not actually convergent, at any rate 
oscillates finitely, we can determine a constant K so that | 5^, | <X for all 
values of v. Hence the series 

is absolutely convergent, and so 

*o(V^O - 4>l) + - 9 ^ 2 ) + • • ■ + ST.-l(9^n.-l - <i>n) 


tends to a limit as n -> 00 . Finally and therefore s„f)„, tends to zero; 
and therefore , , , , j 


^0 00 01 d" • • ■ d" ^n0ii 


tends to a limit, i.e. the series Za^,(f>^ is convergent. 
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Abel’s test. There is another test, due to Abel, which, though of less 
frequent application than Dirichlet’s, is sometimes useful. 

Suppose that (j)^, os in Dirichlet’s test, is a positive and decreasing 
function of n, but that its limit as n -► oo is not necessarily zero. Thus we 
postulate less about but to make up for this we postulate more about 
viz. that it is convergent. Then we have the theorem : if is a positive 

and decreasing function ofn^ and Ea^ is convergent, then Ea^f)^ is convergent. 

For (j)^ has a limit as n-^co, say Z: and lim(^„ — Z) = 0. Hence, by 
Dirichlet’s test, — Z) is convergent; and since Ea^ is convergent it 

follows that Eanf)n is convergent. 

This theorem may bo stated as follows: a convergent series remains con- 
vergent if we multiply its terms hy any sequence of positive and decreasing 
factors. 


Examples LXXIX. 1. Dirichlct’s and Abel’s tests may also be 
established by means of the general principle of convergence (§ 84). Lot 
us suppose, for example, that the conditions of Abel’s test are satisfied. 
We have identically 

"h • • • + ~ ^m+l) “I" ^m,m+l(^fn+l “ 0m+2) 

+ . . . -f" ^tn, n— l(^n— 1 4^ n) ^m,n ^ n (1)» 

where s^^^ = 

The left-hand side of (1) therefore lies between lif)^ and where h and 
H are the algebraically least andgreatestof But, given 

any positive d, we can choose m^ so that | ^1 < ^ when m ^ and so 

I + ■ • - + I < 

when n>m^mQ. Thus the series Ea„f)„ is convergent. 


2. The series E cos nO and 27 sin oscillate finitely when 6 is not a 
multiple of n. For, if we denote the sums of the first n terms of the two 
series by and Z„, and write c = Cis 0, so that | z | = 1 and z 4= 1, we have 




I 1-2 - i 1-Z| -| 1-2|’ 


and so | «„ | and | t^ \ are also not greater than 2/| 1 — z |. That the series 
are not actually convergent follows from the fact that their nth terms do 
not tend to zero (Ex. xxrv. 7). 


The sine series converges to zero if is a multiple of n. The cosine series 
oscillates finitely if ^ is an odd multiple of n and diverges if ^ is an even 
multiple of n. 

It follows that if (f>nia a positive function of n which tends steadily to zero 
as n-^oo, then the series 

270, cos 270, sin 



196, 197] AND INFINITE INTEGRALS 381 

are convergent, except perhaps the first series when ^ is a multiple of 2it. 
In this case the first series reduces to which may or may not be con- 
vergent: the second series vanishes identically. If L(pn is convergent then 
both series are absolutely convergent (Ex. lxxvii. 4) for all values of 6 , 
and the whole interest of the result lies in its application to the case in 
which is divergent. And in this case the series above written are 
conditionally and not absolutely convergent, as will bo proved in Ex. 6 
below. If we put d = tt in the cosine scries we are led back to the result of 
§ 195, since cosnn = ( — 1)". 

3. The series cos nO, Zn'^sinnd are convergent if 5> 0, unless (in 
the cose of the first series) ^ is a multiple of 27T and 0 <5 < 1. 

4. The series of Ex. 3 are in general absolutely convergent if 5>1, 
conditionally convergent if 0 < s ^ 1, and oscillator/ if s ^ 0 (finitely if 5 = 0 
and iriiinitely if a < 0). Mention any exceptional cases. 

6. If is convergent or oscillates finitely, then Ea^n~^ is con- 

vergent when t> 8. 

6. If is a positive function of n which tends steadily to 0 as n -► oo, 
and is divergent, then the series 27(^5 „ cos n^?, Z(p^s\iin0 are not 

absolutely convergent, excc'pt the sine series when is a multiple of 77 . 
[For suppose, e.g., that | cos nO | is convergent. Since cos^ nd ^ |co8 nd\, 

it follows that 2’^ „ cos* n61 or 

i2^„(l-l-cos 27i0) 

is convergent. But this is impossible, since 2’^,, is divergent and 20 „ cos 2nB^ 
by Diriclilot’s test, convergent, unless is a multiple of 77, in which 
case it is obvious that 20„ | cos nO \ is divergent. The reader should write 
out the corresponding argument for the sine series, noting where it fails 
when 0 is a multiple of 77 .] 

197. Series of complex terms. So far we have confined 
ourselves to series all of whose terms are real. We shall now 
consider the series 

= I(v„ + iwJ, 

where and are real. The consideration of such series does 
not introduce any really new difficulties. The series is convergent 
if, and only if, the series 

are separately convergent. There is however one class of such 
series so important as to require special treatment. Accordingly 
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we give the following definition, which is an obvious extension of 
that of § 191. 

Definition. The series where is said to be 

absolutely convergent if the series Ev^ and Ew^ are absolutely 
convergent. 

Theorem. A necessary and sufficient condition for the absolute 
convergence of Eu^ is the convergence of E\u^ \ or E -f w%). 

For if Eu^ is absolutely convergent, then both of the series 
E\v^\ and E\w^\ are convergent, and so E[\v^\-{-\w^\] is 
convergent : but 

I «n I = + ^ 1 I + 1 W’n I. 

and therefore E\u^ \ is convergent. On the other hand 

hn I ^ V(^'n + W-’n). 1 I S -JK + ««). 

SO that E\v^\ and E | | are convergent whenever E\u^\ is 

convergent. 

It is obvious that an absolutely convergent series is convergent, 
since its real and imaginary parts converge separately. And 
Dirichlet’s theorem (§§176, 192) may be extended at once to 
absolutely convergent complex series by applying it to the 
separate series Ev^ and Ew^. 

The convergence of an absolutely convergent series may also be deduced 
directly from the general principle of convergence (cf. Ex. lxxvii. 1). We 
leave this as an exercise to the reader. 

198. Power series. One of the most important parts of 
the theory of the ordinary functions of elementary analysis 
(such as the sine and cosine, and the logarithm and exponential, 
which will be discussed in the next chapter) is that which is 
concerned with their expansion in series of the form Ea^x^. Such 
a series is called a power series in x. We have already come 
across some cases of expansion in series of this kind in connection 
with Taylor’s and Maclaurin’s series (§ 152). There, however, we 
were concerned only with a real variable a;. We shall now con- 
sider a few general properties of power series in z, where z is a 
oomplex variable- 
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A. A power series may be convergent for all values of z, for 

a certain region of values, or for no values except 2 = 0. 

It is sufficient to give an example of each possibility. 


z” . z” 

1. The series Z — is convergent for all values of z. For if u„ = — then 
! nl 


|u„| n+1 

whatever value z may have. Hence, by d’Alembert’s tost, Z\u^ \ is 
convergent for all values of z, and the original series is absolutely con- 
vergent for all values of z. We shall see later on tliat a power series, when 
convergent, is generally absolutely convergent. 


2. The series Zn ! z” is not convergent for any value of z except z = 0. 

For if = n ! z" then | |/1 | = (n-|- 1) | z |, which tends to oo with n, 

unless z = 0. Hence (cf. Exs. xxvii. 1, 2, 5) the modulus of the nth term 
tends to oo with n; and so the series cannot converge, except when z = 0. 
It is obvious that any power series converges when z = 0. 

3. The aeries Zz^ is always convergent when | z | < 1, and never convergent 
when I z I ^ 1. This was proved in § 88. Thus we have an example of each 
of the throe possibilities. 


199. B. If a power series I^a^z^ is convergent for a particular 
value of z, say z^ = rj(cos^?i + tsin^i), then it is absolutely con- 
vergent for all values of z such that \ z\ < r^. 

For lima^^i = 0, since is convergent, and therefore we 

can find a number K such that | 1 < ^ values of n. 

But, if I z I = r < we have 



and the result follows by comparison with the convergent geo- 
metrical series Z (rjrf)^. 

In other words, if the series converges at P then it converges 
absolutely at all points nearer to the origin than P. 

Example. Show that the result is true even if the series oscillates 
finitely when z = [If = Uq + UiZ^-^ ... -^a^z^ then we can find K so 
that I I <i^' for all values of n. But 

l«n2TI = hB-»n-llSl«i.-ll + l«iil<2-K', 
and the argument can bo completed as before.] 
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200. The region of convergence of a power series. The 
circle of convergence. Let z = r be any point on the positive 
real axis. If the power series converges when z = r then it con- 
verges absolutely at all points inside the circle | z | = r. In 
particular it converges for all real values of z less than r. 

Now let us divide the points r of the positive real axis into two 
classes, the class at wdiich the series converges and the class at 
which it does not. The first class must contain at least the one 
point z = 0. The second class, on the other hand, need not exist, 
since the series may converge for aU values of z. Suppose however 
that it does exist, and that the first class of points includes 
points besides z = 0. Then it is clear that every point of the first 
class hes to the left of every point of the second class. Hence 
there is a point, say the point z = i?, which divides the two classes, 
and may itself belong to either one or the other. Then the series is 
absolutely convergent at all points inside the circle \ z\ = R. 

For suppose that this circle cuts OX in A (Fig. 48), and that P 
is a point inside it. We can draw a concentric circle, of radius less 
than P, so as to includ e P inside it. 

Let this circle cut OX in Q. Then 
the series is convergent at Q, and 
therefore, by Theorem B, abso- 
lutely convergent at P. 

On the other hand the series 
cannot converge at any yjoint P’ 
outside the circle. For if it con- 
verged at P' it would converge 
absolutely at all points nearer to 0 than P; and this is absurd, 
as it does not converge at any point between A and Q\ 

So far w^e have excepted the cases in which the power series 
(1) does not converge at any point on the positive real axis except 
z = 0 or (2) converges at all points on the positive real axis. It is 
clear that in case (1) the power series converges nowhere except 
when z = 0, and that in case (2) it is absolutely convergent every- 
where. Thus we obtain the following result: a power series either 
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( 1 ) converges for z = 0 and for no other values of z; or 

(2) converges absolutely for all values of z] or 

(3) converges absolutely for all values of z within a certain circle 
of radius R, and does not converge for any value of z outside 
this circle. 

In case (3) the circle is called the circle of convergence and its 
radius the radius of convergence of the power series. 

It should be observed that this general result gives no infor- 
mation at all about the behaviour of the series on the circle of 
convergence. The examples which follow show that as a matter 
of fact there are very diverse possibilities. 


Examples LXXX. 1 . The series 1 + as + aH'^ -H . . ■ , where a > 0, has a 
radius of convergence equal to 1/a. It does not converge anywhere on its 
circle of convergence, diverging when z = Ija and oscillating finitely at 
all other points on the circle. 


2. The series — 4- - - + —„ + ••• has its radius of convergence equal to 1 ; 

1 * O* 

it converges absolutely at all points on its circle of convergence. 


3. More generally, if | a„ 4 .i |/| On I or as n->oo, then 

the series a^-^- a-^z . has 1/A as its radius of convergence. In the 

first case | |/| a„z" \=X\z\, 

which is less or greater than unity according as | z | is less or greater than 
1/A, so that we can use d’Alembert^s test (§ 175, 6). In the second cose 
we can use Cauchy’s test (§ 174, 2) similarly. 


4. The logarithmic series. The series 

is called (for reasons which will appear later) the ‘logarithmic* series. It 
follows from Ex. 3 that its radius of convergence is unity. 

When 2 is on the circle of convergence we may write z = cos 0-\-i sin 
and the series assumes the form 

008 ^ — i cos 2(9 + J cos 36? — ... + t(sin 6? — J sin 26? + } sin 3^ — ... ). 

The real and imaginary parts are both convergent, tnough not absolutely 
convergent, unless 6? is an odd multiple of tt (Exs. ijcxix. 3, 4, with 
0-\-7r for 6). If 6? is an odd multiple of n tlien z = — 1, and the series 
is — 1 — J — and diverges to — co. Thus the logaritlimic series con- 

verges at all points of its circle of convergence except the point z = — 1. 


H P U 


25 
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6. The binomial series. Consider the series 


1 -f mz -1- - 


2 ! 


31 


If m is a positive Integer then the series terminates. In general 

|a«+i I ^ \ ni-n\ 

|aj n+1 " ’ 

80 that the radius of convergence is unity. VVe shall not discuss the question 
of its convergence on the circle, which is a little more difficult, here*. 


201. Uniqueness of a power series. If is a power series which 

is convergent for some values of z at any rate besides z = 0, and/(z) is its 
sum, then 

f(z) = ao + aiZ+ ... +a,„ 2 "* + o(z”*) 


for every m, when 2->0. For, if /i is any positive number less than 
the radius of convergence of the series, then where K is 

independent of n (cf. § 199); and so, if | z | < /^, 


f{z)-'ZayZ'’ 

0 



2l'"+*+|am+,||z|'" + ’+... 

n "') /i’-'l/t-lzl)’ 


which is 0(1 z and a fortiori o(| z |”*). In particular this is true for real 
positive z. 

It now follows from Ex. lvi. 1 that, if Ea„z'^ = for all z whose 

modulus is less than fi, then a„ = for all n. The same function f{z) cannot 
be represented by two different power aeries. 


202. Multiplication of series. We saw in § 177 that, if 
and Ev^ are two convergent series of positive terms, then 
Eu^ X Ev^ = Ew^, where 

We can now extend this result to all cases in which Eu^ and Ev,^ 
are absolutely convergent; for our proof w^as merely a simple 
application of Dirichlet's theorem, wliich we have already 
extended to all absolutely convergent series. 

* The cases 2«*1 and z = — 1 are discussed in §222. For a complete diacussion, 
gee Bromwich, Infinite series^ 2nd edition, pp. 287 el seq.; Hobson, Plane trigonometry, 
6th edition, pp. 268 el seq. 



200 - 202 ] AND INFINITE INTEGRALS 387 


Examples LXXXI. 1. If | z | is less than the radius of convergence 
of either of the senes ir6„z", then the product of the two series is 

Tc^z", where c„ = + ... +o„V 

2 . If the radius of convergence of is R, and/(z) is the sum of 

the series when | z | < i2, and | z | is less than either R or unity, then 
/(z)/(l-z) = where = ao + ai + ... 

3 . Prove, by squaring the series for ( 1 — z)“^, that 

( 1 -z)-* = l + 2 z+ 3 z*+... 

if I z I < 1 . 

4 . Provo similarly that (1— z)“® = 1 + Oz-f 62*4- the general terra 
being J(n + 1) (n 4- 2) z". 


6. The binomial theorem for a negative integral exponent. If 

z I < 1, and m is a positiv^e integer, then 

1 w( 7 a 4 -l) 

— = 1 4-mz4 ' 

(l-z)^ 1,2 


, ^ - r7i(m4- 1) ... (m4-n— 1) 

= l4-mz4-— - — z^4-...4- — 


z"4-.. 


1 . 2 . . . n 

[Assume the truth of the theorem for all indices up to m. Then, by Ex. 2 , 
1/(1— z)”’+^ = where 

m(7n+ 1) ... (m4-n— 1) 
l + m + -^ 


^ (m4- 1) (w4- 2) ... (m4-n) 

“ iT 2 ^ ' 

as is easily proved by induction (whether m bo an integer or not).] 

6. Prove by multiplication of scries that if 

/m\ fm\ ^ 

S(m,z) = l + (^ j 

and |z|<l, then /(m, z)/(m', 2) = /(m4-7n',z). [This equation forms the 
basis of Euler’s proof of the binomial tlu^orom. The coefficient of z" in the 
product scries is 



a polynomial in m and m'. When m and m' are positive integers this 

polynomial must reduce to ^ ^ , in virtue of the binomial theorem 

for a positive integral exponent; and if two such polynomials are equal 
for all positive integral values of m and m' then they must be equal 
identically.] 

z® 

7. If/(2) = 1+2 + — + ... then /(2)/(2') =/(z + 2'). [For the series for 
2 1 


•3-a 
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[vra 


J(z) is absolutely convergent for all values of z: and it is easy to see that if 

z” z'" (z + z')" 

. then w,, = — .] 

n I n 1 n ! 


8. If C(z)=l-- + S(z) = z + 

2! 4! ’ 3! 6! 

then 

C(z + z') = 0 ( 2 ) 0 ( 2 ') - S(z) S(z'), S(z + z') = S{z) C(z') + 0 ( 2 ) S{z'), 
and {0(2))2 + {*S(2)}« = 1 . 


9. Failure of the multiplication theorem. That the theorem is 
not always true when and are not absolutely convergent may 
be seen by considering the cose in wliich 




j-ir 

1 ) 


Then 


«’. = (-!)" S 7,- 


rir*o V{(^ + ^ ^ ~ 

But -^{(r + 1) (n+ 1 — r)} ^ 4(n + 2), and so 1 | > (2a + 2)/(n + 2), which 
tends to 2; so that is certainly not convergent. 


203. Absolutely and conditionally convergent Infinite in- 
tegrals. There is a theory for integrals analogous to that developed 
for series in §§191 et seq. 

Tlie infinite integral / f{x)dx (1) 

J a 

is said to bo absolutely convergent if 


/ \f{x)\dx (2) 

J a 

is convergent. We may define g(x) and h(x) by 

f{x) = g(x) - h(x), I J{x) I = g(x) + h(x). 

Tlien g(x) is f{x) when f(x) is positive, and zero when f(x) is negative, and 
h(x) is zero when f(x) is positive and —f(x) when f(x) is negative, so that 
g{x) and ?l{x) correspond to the v„ and of § 1 9 1 . It is plain that g{x) ^ 0, 
h(x)>0, and that g{x) and 1i{x) are continuous when f{x) is continuous. 

It then follows as in §§191 and 193 that the integrals 




dx 


are both convergent when (2) is convergent, but are both divergent when 
( 1) is convergent and (2) is not; and that on absolutely convergent integral 
%8 convergent. 
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It is plain that, if | /(a?) | ^ and / <j){x) dx is convergent, then the 

J a 

integral (1) is absolutely convergent. 

When (1) is convergent and (2) is not, we shall say that (1) is con- 
ditionally convergent. We shall not have much to do with conditionally 
convergent integrals here, but there is one special type of integral which is 
particularly important. 

Suppose that (p'ix) is continuous; that (^{x)^0, (f)'{x)^0; and that 
(f>{x) 0 when x^co. Then | </>'{x) | = — <^'{x), and 

I I (^>'(x) \dx = — [ (j)'(x)dx = — lim C (f>'{x)dx 
■la J a X—^coJa 

= I'm {<p{a)-^{X)} = (f>{a), 

X—*- CO 

[CO 

so that / (f>'(x) dx is absolutely convergent. 


Now consider the integral 


rCO 

/ <^{x) 

J a 


COS txdx 


we may suppose t positive. Wo have 

fX 1 -x d 

/ <f){x)oo8txdx = - / (p(x) - sin txdx 

Ja ^Ja 

sintX , _ sin fa , 1 , 

= — - — 4>{X) (p{x)smtxdx ...(4). 

^ ^ ^ J a 

The first term tends to zero when X-^oo. Also |8infj:|^l, so that 
I (p'ix) sinfx I < I (p'(x) |. Hence / (/>'{x) sin txdx is absolutely convergent, 

- a 

and therefore convergent; and the last integral in (4) tends to a limit 
when X -> 00 . It follows that the left-hand side of (4) tends to a limit, 
and therefore that (3) is convergent. Similarly 


f 


sin txdx 


18 convergent. 

The most important cose is that in which a>0 and (p{x) = x~\ where 
s>0. The integrals are then absolutely convergent when 1, and 
conditionally convergent when 0<5^ 1. 


Examples LXXXII. 1. The integral 


’ sin tx . 

— ~ dx 13 convergent if 


0<«<2, and absolutely convergent if [Consider the ranges 

(0, 1), (1, oo) Mparately.] 
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® 1 — cos tx 


... 

2. / — j-Bmxdx 18 convergent. 

yo a;® 

3. r 

Jo 

" /' 

Jo 


[vui 

(Math. Trip. 1930) 


xf 

'sini(l — cos a;) 


dx is convergent if 1 < « < 3, and then absolutely. 


fo ^ 

vergent if 1 < « < 4. 


dx is convergent if 0<5<4, and absolutely con- 


(Math. Trip. 1934) 
5. / sin dx is convergent if a lies between jJ and 2 — 

Jo 

(Math. Trip. 1930) 

[Put = t/, and consider the cases < 1 and > 1 separately.] 


MISCELLANEOUS EXAMPLES ON CHAPTER VIII 


1. Discuss the convergence of the series 27n*{^(n + 1 ) — 2 + ^(n — 1 )}, 

where k is real. (Math. Trip. 1890) 


2. Show that Ln^A\n*), 

where = d(Zlu„), 

and so on, is convergent if and only if A:>r + fi+l, except when 5 is a 
positive integer less than ky when every term of the series is zero. [The 
result of Ch. VII, IVIisc. Ex. 6, shows that z1*(n') is in general of order 

fi-*.] 

3. Show that 

® n* + 9n + 5 5 

1 (n + 1 ) (2n + 3) {2nJ+ 5) (n + 4) 

(Math. Trip. 1912) 

[Resolve the general term into partial fractions.] 


4. If Ua„ is a divergent series of positive terms, and 


On-l 



bn = 


Qn 

1 +na„’ 


then is divergent. (Math. Trip. 1931) 

[It is easy to verify that 6„_i > 6„. Hence the convergence of would 
imply that n6„ -►O, and therefore that na„-^0. This gives b^^a„ and a 
contradiction.] 


6. Show that the series 

1 1 1 _ 1 _ 

2 + z'^3 S + z'*’'" 

is convergent provided only that z is not a negative integer. 
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6. Investigate the convergence or divergence of the series 

_ . o ^ 1 , o a / (z\ / o\ 

2?- sin-, 2’( — l)”sin-, 27(1 — cos-), 27( — l)”n( 1 — cos- ) , 
n n n n \ nJ ^ \ nj 

where a is real. 


7. Discuss the convergence of the series 


TV 2 3 

where 0 and a are real. 

8. Prove that the series 


nJ 


(Math. Trip. 1899) 


l — + i + i + i — J — J — 

in which successive terms of the same sign form groups of 1, 2, 3, 4, ... 
terms, is convergent; but that the corresponding series in which the 
groups contain 1, 2, 4, 8, ... terms oscillates finitely. (Math. Trip. 1908) 

9. If Ui, Uj, Uj, ... is a decreasing sequence of positive numbers whose 
limit is zero, then the series 

^ - i(t^i 4- Ug) + i(ui + u, 4- Ug) - . . ., + Ug) 4 i(Ui + Uj + Wg) - . . . 

are convergent. [For if (Mj 4 Wg 4 . . . + Un)ln = then Vj, Vg, ... is also 
a decreasing sequence whose limit is zero (Ch. IV, Misc. Exs. 8, 16). This 
shows that the first series is convergent; the second we leave to the reader. 
In particular the series 

i-l(i + 4) + J(i + i + i)---. i-4(i + 4) + «i + 4 + 

are convergent.] 


10. If Uo4Ui4tZj4 ... is a divergent series of positive and decreasing 
terms, then 

(Uo 4 Ug 4 . . . 4 4 Wg 4 ... 4 Wa„+i) 1 . 


11. Prove that Hm = 1. [It follows from § 180 that 

a -^ -}-0 1 

0< i-i-a4 2-i-«4 ... 4(n- 1 )-^-“- j 

and it is easy to deduce that 27n"^~® lies between 1/a and (a 4 l)/a.] 

00 

12. Find the sum of the series where 

1 

^ __ ^n_3.-n-l 1 / 1 1 V 

“ (x^ + x-”) x-^-'^) “ X- 1 lx”4x-" x"+i4a;-"-V ’ 

for all real values of x for which the series is convergent. 

(Math. Trip. 1901) 
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[If I a: I is not equal to unity then the series has the sum xl{{x — 1 ) (a;* + 1 )}. 
If a; = 1 then t/„ = 0 and the sum is 0. If a; = — 1 then u^= — 1)"+^ and 

the series oscillates finitely.] 

13. Find the sums of the series 

z 2^^ 42^ z z* z* 

l+z"*" 1+2^ "^14-2*"^’"" 1— z*"*”! — — 2®"^'” 

(in which all the indices are powers of 2), whenever they are convergent. 

[The first series converges only if [ z | < 1, its sum then being 2/(1 — z); 
the second series converges to z/(l — z) if | z | < 1 and to l/( 1 — z) if | z | > 1.] 

14. If I a„ I ^ 1 for all values of n then the equation 

0=1 -f aiZ + ag^^H- ... 

cannot have a root whose modulus is less than and the only case in 
which it can have a root whoso modulus is equal to ^ is that in which 
a„ = — Cis (nO), wdicn z = J Cis ( — 19) is a root. 

15. Recurring series. A power series is said to be a recurring 

series if its coefficients satisfy a relation of the t> 7 )e 

a„+Pia„_i+p2a„_2 + ...+Pfca„_* = 0 (1), 

where n'^k and p 2 » Pk Q-re indep('ndont of n. Any recurring series is 
the expansion of a rational function of z. To prove this we observe in the 
first place that the series is certainly convergent for values of z whose 
modulus is sufficiently small. For it follows from (1) that | a„ | ^ 
where a„ is the modulus of the nmncrically greatest of the preceding 
coefficients, and O = | Pi | + 1 p 2 1 + • . - + | p* | ; and from this that 
|a„ I <KO^, where K is independent of n. Thus the recurring series is 
certainly convergent for values of z whose modulus is less than I/O, 

But if we multiply the series f{z) = Za^z^ by p^z, p,z^, p^z*, and 

add the results, we obtain a now series in wliich all the coefficients after 
the (k— l)th vanish in virtue of (1), so that 

(l+Pl2+PjZi‘+...+?)ltZ‘)/(z) = Po + PiZ+.-.+Pt-iZ*-*, 

where Po» ^re constants. The polynomial 

1 -}-pi2 +P2Z*+ ... d-PiZ* 

is called the scale of relation of the series. 

Conversely, it follows from the known results as to the expression of any 
rational function as the sum of a polynomial and certain partial fractions 
of the type A/(z — a)^, and from the binomial theorem for a negative 
integral exponent, that any rational function whose denominator is not 
divisible by z can be expanded in a power series convergent for values of z 
whose modulus is sufficiently small, in fact if | z | <p, where p is the least 
of the moduh of the roots of the denominator (cf. Ch. IV, Miso. Exs. 26 
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et aeqJ), And it is easy to see, by reversing the argument above, that the 
series is a recurring series. Thus a necessary and sufficient condition that 
a power series should be a recurring series is that it should be the expansion of 
such a rational function of z. 

16. Solution of difference equations. A relation of the type of (1) 
in Ex. 15 is called a linear difference equation in a„ with constant coefficients. 
Such equations may be solved by a method which will be sufficiently 
explained by an example. Suppose that the equation is 

~ ®n-i “ 12a„_3 = 0. 

Consider the recurring power series We find, as in Ex. 15, that its 

sum is 

Oo + (®i-^^o)2-f (rta-ni-8ao)2* _ B 

l-z-8z»+ “ Y^Tz'^ {l-2z)^'^ l + 3z’ 

whore and B are numbers easily expressible in terms of a^, Uj, and 

Uj. Expanding each fraction separately we see that the coefficient of z” is 
a. = 2n^i + (n+l)^,} + (~3)”B. 

The values of A^, A^, B depend upon the first three coefficients Oq, a^, Uj, 
which may of course be chosen arbitrarily. 

17. The solution of the difference equation — 2 cos d w„_i + 

is u„ = A cosnd+ B sin nO, whore A and B are arbitrary constants. 

18. If Un is a polvTiomial in n of degree k, then Zu^z^ is a recurring 

series whose scale of relation is (1 — z)*'*'^. (Math. Trip. 1904) 

19. Expand 9/{(z — 1 ) (z + 2)^} in ascending powers of z. 

(Math. Trip. 1913) 

20. A player tossing a coin is to score one point for every head he turns 

up and two for every tail, and is to play on until his score reaches or 
passes a total n. Show that his chance of making exactly the total n is 
j{2 + (-J)"}. (Math. Trip. 1898) 

[If p„ is the probability then p„ = i(p„_i -hPn-a)j Po = ^fPi— i-] 

21. Prove that 

1 1 

if n is a positive integer and a is not one of the numbers — 1, — 2, . . ., —n, 
[This follows from sphtting up each term on the right-hand side into 
partial fractions. When a> — 1, the result may be deduced very simply 
from the equation 

ri I dx 

xa dx=\ (l-a:)“{l-(l-x)"} - 

;o 1-^ U ® 
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by expanding { 1 — «")/( 1 — a:) and 1 — ( 1 — x)** in powers of x and integrating 
each term separately. The result, being an algebraical identity, must be 
true for all values of a save — 1, — 2, . . —n.] 


22. Prove by multiplication of series that 


1 1 INZ- 

n.nl 2 3 n/nl* 


s-.s 

0 


[The coefficient of z" will be found to be 

Now use Ex. 21, taking a = 0.] 

23. Discuss as completely as you can the convergence of 


2n! 

r 2" 

n I n ! 


for real or complex z. 


(Math, Trip. 1924) 


24. If ^ and i? as n oo, then 

D„ = - -|-^2^n-l+ ... AB. 

If, further, and are positive and steadily decreasing, so also is D„. 
[Let A^^A + e„. Then the expression given is equal to 

^ -^1 -^2 '1“ • ■ • “1* ^ n ^1 ^ n "t" ^2 1 “1“ • • • "f* 

- _j ^ 

n n 

The first term tends to (Ch. IV, Misc. Ex. 16). The modulus of the 
second is less than /^{| | + | ^ 2 1 + • • • + I |}/^» where ^ is any number 

greater than the greatest value of | By\: and this expression tends to zero.] 


25. Prove that if c„ = + Uj 5„_i + . . . + a„ 6^ and 

= Ui + Og + . . . + a„, + 6g + . . . + = Cl + Cg + . . . + c„, 

then 

= Oi + agB„_i + ... + -f- ... +^„^i 

and G^-\- C^-{- C n = Ay^ B„ A A ^ B „_i -I- . . . + ^„ B^. 

Hence prove that if the series 276„ are convergent and have the 
sums A, B, so that A„ -^A, -> B, then 

(Cl + (7g + . . . + (7„)/n ^ .4B. 

Deduce that if is convergent then its sum is .4B. This result is known 
as Abel's theorem on the multiplication of series. We have already seen 
that we can multiply the series Z’6„ in this way if both series 

are absolutely convergent: Abel’s theorem shows that we can do so even 
if one or both are not absolutely convergent, provided only that the 
product series is convergent. 
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26. If 


(- 1 )" 


— ao + a^ + ... H-a„ 


V(n+1)’ 

= aoa„ + aiO„_i+...+a„ao, = 6o + 6i -4- ... + 6,, 

then (i) converges to a sum A, (ii) A„ = A -h 0(n~^), (iii) b„ oscillates 
finitely, (iv) + + +o„^o, and (v) B„ oscillates 

finitely. (Math. Trip. 1933) 

27. Prove that 

[Use Ex. 9 to establish the convergence of the series.] 

28. Prove that if m> — I, p>0, n>0, and „ = [ x^(l—x^)^dx, 

Jo 

then (m + np+ 1) = npUfn,n-i‘ Eoduce that 

/ x~^l —x^)^ dx = — I xA(l—x^)^dx, 

Jo IG/q 

and evaluate the integrals by a suitable transformation. 

(Math. Trip. 1932) 

29. Prove that 

r® dx __ 2 — 72 /^x^arcsinx 7 
ja x^^ia'^Ax^) 3a* ’ Jo ^j(l-x^) ^”9* 

(Math. Trip. 1932) 

30. Establish the formulae 

j’^F{^(x^+\)+x}dx = i + P(y)dy. 

Fy{x^+l)-x}dx = i F(y)dy. 

In particular, prove that if n > 1 then 

dx 


f 

Jo 


{V(x*+l) + x} 


f<X> 


X* + 1 ) — x) dx = , 


— 1 

[In this and the succeeding examples it is assumed that the integrals 
considered have a meaning in accordance with the definitions of §§ 184 
et aeq.'] 

31. Show that if 2i/ = ax — 6x~*, where o and h are positive, then y 
increases steadily from — 00 to 00 as x increases from 0 to 00 . Hence 
show that 


2 z-® 

If f(y) is even, this is - / f(y)dy, 

a Jo 
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32, Show that if 21/ = ox + bx~^, whore a and b are positive, then two 
values of x correspond to any value of y greater than ^{ab). Denoting the 
greater of those by and the less by x^, show that, as y increases from 
yj(ab) towards oo, increases from ^Jibja) towards oo, and Xj decreases 
from ^J(bja) to 0. Hence show that 


I f(y) dx^ = - 

Vibla) a 

fVibla) 1 


f fiy)i ^ I 

V(afc) y-Jiy^-ab) i 


f(y) di, = - 


and that 


aJ V(ab)^'^ I 


- 1 dy; 


C'il 


J 0 ./v(a 6 )V(J/‘-“f') ^ “A 


/{V(z* + a6)}dr. 


33. Prove tho formula 


dx 

/ /(sec ^x + tan ^x) - 7 -^ = / /(coseox) 

/o Jo 


^(siiix)’ 


34 . If a and b are positive, then 

dx n /® x^dx n 

Jo (x^ + o^) (x3 + 62) 2o6(a + 6)’ Jo {x- + a^) {x^ + b^) 2(a + 6)' 

Deduce that if a, and y are positive, and ^ ay, then 


f— 

Jo OLC*- 


Jo ax* + 2 ydx 2 + y 2 V( 2 y^)’ Jo ax* -h 2 /?x'^ + 7 2 V( 2 a^l)* 

where A = + ^{o(yy). Also deduce the last result from Ex. 31, by putting 

f(y) = l/(c® + y*). [The last two results remain true when < ay, but their 
proof is then not quite so simple.] 

35. Prove that if b is positive then 

I"® x'dx TT x*dx n 

Jo (x2-a'2)T^'6^* "" 26' Jo {(x^ b^x^}^ 4b*' 

36. If ^'(x) is continuous for x> 1, then 

S </>{n) = [x]<p{x)- ( lt](f>'{t)dt, 

where [x] is the greatest integer contained in X. (Math. Trip. 1932) 

37. If ^'(x) = 0(x”®), where a > 1, for large x, then 

rfi+ 1 

I {4>(x)-<f>(n + \))dx= Oin-^) 

J n 

^ fn -\- 1 

and ^<t>{^+\)= / ^(x)dx+ 0+ 0(ni-«), 

1 Jl 


where O is independent of n. 


(Math. Trip. 1923) 
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[Observe that 


{^(x) — ^(n+ 4)} — I {^(n + i + 0 + + i ” 0 ” 2^(n -1- J)} cii.] 


38. If 


•/„ = / sin"* d sin a{x — 6) dO 


and m is an integer not less than 2, then 

m(m ^ sin”* x + (m* — a^) J„. 

Deduce that 

, a* . , a2(22~a2) ^ a^{2^ - a^) (r- - a^) 

cos ox = 1 — — Bin* X sm* x 

21 41 6! 


sin” X — .... 


39. Prove that if 


{Math. Trip. 1923) 


u„ = / sin 2nx cot xdx, r„ = 


sin 2nx 


then u_ - Jtt and t;„ -► / ^ dx = u, 

;o a: 

say. Prove also, by partial integi*ation or otherwise, that w„ — v„-vO; 
and deduce that v = ^n. {Math. Trip. 1924) 

40. If a is positive, /(x) is continuous except at the origin, 


exists, and 


( f{x)dx= lim / f{x)dx 
Jo e-^o'e 

g(x) = j Y' 


g{x)dx = / f{x)dx. (Math. Trip. 1934) 



CHAPTER IX 


THE LOGARITHMIC, EXPONENTIAL, 

AND CIRCULAR FUNCTIONS OF 
A REAL VARIABLE 

204. The number of essentially different types of functions 
with which we have been concerned in the foregoing chapters is 
not very large, the most important being polynomials, rational 
functions, algebraical functions, explicit or imphcit, and trigo- 
nometrical functions, direct or inverse. 

The gradual expansion of mathematical knowledge has been 
accompanied by the introduction into analysis of one new class 
of function after another. These new functions have generally 
been introduced because it appeared that some problem which 
was occupying the attention of mathematicians was incapable of 
solution by means of the functions already known. The process 
may fairly be compared with that by which the irrational and 
complex numbers were first introduced, when it was found that 
certain algebraical equations could not be solved by means of 
the numbers already recognised. One of the most fruitful sources 
of new functions has been the problem of integration. Attempts 
have been made to integrate some function f(x) in terms of 
functions already known. These attempts have failed; and after 
a certain number of failures it has begun to appear probable that 
the problem is insoluble. Sometimes it has been proved that this 
is so; but as a rule such a strict proof has not been forthcoming 
until later on. Generally it has happened that mathematicians 
have taken the impossibility for granted as soon as they have 
become reasonably convinced of it, and have introduced a new 
function F{x) defined by its possessing the required property, viz. 
that F'{x) =f{x). Starting from this definition, they have in- 
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vestigated the properties of F{x)\ and it has then appeared that 
F(x) has properties which no finite combination of the functions 
previously known could possibly have; and thus the correctness 
of the assumption that the original problem could not possibly 
be solved has been established. One such case occurred in the 
preceding pages, when in Ch. VI we defined the function logx 
by means of the equation 



Let us consider what grounds we have for supposing log x to be a really 
new function. We have seen already (Ex. xxii. 4) that it cannot be a 
rational function, since the derivative of a rational function is a rational 
function whose denominator contains only repeated factors. The question 
whether it can be an algebraical or trigonometrical function is more 
difficult. But it is very easy to become convinced by a few experiments 
that differentiation will never get rid of algebraical irrationalities. For 
example, the result of differentiating 7 (^+ 2 :) any number of times is 
always the product of -^(1-1- a;) by a rational function, and so generally. 
Similarly, if wo differentiate a function which involves sinx or cosx, one 
or other of these functions persists in the result. 

We have, therefore, not indeed a strict proof that log x is a new function 
— that we do not profess to give* — but a reasonable presumption that it 
is. We shall therefore treat it as such, and we shall find on examination 
that its properties are quite unlike those of any function which we have 
os yet encountered. 

205. Definition of log x. We define log x, the logarithm of 
X, by the equation 



We must suppose that x is positive, since (Ex. lxxvi. 2) the 
integral has no meaning if the range of integration includes the 
point X = 0. We might have chosen a lower limit other than 1; 
but 1 proves to be the most convenient. With this definition 
log 1 = 0. 

We shall now consider how logx behaves as x varies from 0 
towards oo. It follows at once from the definition that logx is a 

• For iuch a proof see the author’s tract quoted on p. 264. 
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continuous function of x which increases steadily with x and has 
a derivative 


d. 1 

-r-loorx = 
dx X 


and it follows from § 181 that logo; tends to oo as a;-^oo. 

If X is positive but less than 1, then logo; is negative. For 
, C^dt ndt ^ 


Moreover, if we make the substitution t 
obtain 



1 u 


l/uin the integral, wo 



Thus log X tends steadily to — oo as a: decreases from 1 to 0. 

The general form of the graph of the logarithmic function is 
shown in Fig. 49. Since the derivative of log x is 1/x, the sloj^e of 



the curve is very gentle when x is very large, and very steep 
when X is very small. 


£xamples LXXXIII. 1. Prove from the definition that 

(a) -^<log(l+x)<a; {x>0), (b) x< -log(l -x) <-— (0<a;<l). 

l+x l—x 

[Thufl for (a) observe that log ( 1 + a?) = / — and that the integrand 

J 1 ^ 

lies between 1 and 1/(1+®).] 
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2. Prove the inequalities 

X 1 

{i) x-ix^<\og{\+x) (x>0), (ii) <log 2 ;<a:-l (a;>l), 

X 

(iii) 4(x— 1) — 2loga;<2a:logx<a:^— 1 (x>l), 

(iv) 0<l-log^<i (i;>0). 


(V) 


2 

Yx^i 


- x + 1 2x+ 1 

< log — — < 

^ a; 2x(x-i-l) 


(x>0). 


{Math. Trip. 1931, 1933, 1936) 


3. 


Prove that lim — 

X -*- 1 — 1 


lim 

v-^0 y 


= 1 . 


[Use Ex. 1.] 


206. The functional equation satisfied by logo:. The 
function logo; satisfies the functional equation 

fi^y) =fi^)+f{y) (!)■ 

For, making the substitution t = yu, we see that 


logxj.J^ --J 


du 

ilv 


{^du 

1 


Ji n 


= log a: - log (1/?/) = logx + logt/, 
which proves the theorem. 


Examples LXXXIV. 1. It can be shown that there is no solution of 
the equation ( 1 ) which possesses a differential coefficient and is fundament- 
ally distinct from log x. For when we differentiate tlie functional equation, 
first with respect to x and then with respect to y, wo obtain the two 
equations yf'(xy)=f'(x), xf'{xy)=f'(y); 


and so, eliminating /'(xy), xf'(x) = yf'{y). But if this is true for every pair 
of values of x and y, then we must have xf'(x) = C, or f'{x) = OjXf where 
C is a constant. Hence 

[G 

f{x) = — dx+ C' = Clogx-h C', 

J X 


and substitution into (1) shows that C' = 0. Thus there is no solution 
fundamentally distinct from logx, except the trivial solution f{x) = 0, 
obtained by talcing C — 0. 


2. Show in the same way that there is no solution of the equation 


J{x)+f(y) =/ 


l-xyJ 


H P If 


26 
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which possesses a differential coefficient and is fundamentally distinct 
from arc tan a;. 


3. Prove that if m + 1 > 0 then 


m\ 

)-.0 

nj 


when n 00 . 


[If m is integral then = ( 1 = 0 for n > m, and there is nothing to 


prove. We suppose therefore that p<m<p-f 1, where p is an integer not 

less than — 1. In this case — ^ = is negative for 1, and less 

1 

than 1 in absolute value, so tliat alternates in sign and | u^, | decreases 
steadily. Also 


log ' 


= lo^^ 




= log 1 - 


m+ 1 


< - 


m-l- 1 
1 ' 


so that log I I - log I 
when n -► 00 . Hence -► 0. 

If m = — 1 then «„ = ( — !)”. 
Prove that then | | -> 00 .] 


|<-(m+l) S -^-+-00 

y- p+l >'+ 1 


If m + 1 < 0 then | | increases with n. 


207. The manner in which log x tends to infinity with x. 

It will be remembered that in § 98 we defined functions which 
are of the first, second, third, ... orders of greatness for large x. 
A function f{x) was said to be of the A th order of greatness when 
f(x)lx^ tends to a limit different from zero as x tends to infinity. 

It is easy to define a whole series of functions which tend to 
infinity with x with progressively diminishing rapidity. Thus 
^Xy l/Xy ijx, ... is such a series of functions. We may say gener- 
ally that x®, where a is any positive rational number, is of the 
ath order of greatness when x is large. We may suppose a as small 
as we please, e.g. less than -0000001. And it might be thought 
that by giving cl all possible values we should exhaust the pos- 
sible ‘orders of infinity’ off(x). At any rate it might be supposed 
that if /(x) tends to infinity with x, however slowly, we could 
always find a value of a so small that x® would tend to infinity 
stiU more slowly; and similarly that, if f(x) tends to infinity 
with X, however rapidly, we could always find a value of a so 
great that x® would tend to infinity still more rapidly. 

The behaviour of logx refutes any such expectation. The 
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logarithm of x tends to infinity with x, but more slowly than any 

positive power of x, integral or fractional. In other words loga;->oo 

but - 

logx 


x^ 


-^0 


for all positive rational values of a. 

208. Proof that x~‘^logx-^0 when x-^co. Let fi be any 
positive rational number. Then t'^ < t^-^ when ^ > 1, and so 


so that 


, C^dt dt 

, xfi-\ xP 
loga:<— — < — 
P P 


for a: > 1 . Now if a is positive we can choose a smaller positive jS, 
and then , . 

^ loj^ X 
0 < - ^ < - -- . 

But x^~^ -> 0 when x oo, since y? < a, and therefore a:~® log a; 0. 

209. The behaviour of logo: when a:-^4-0. Since 

x~^ log X = —y^ log y 

if a: = l/y, it follows from the theorem proved above that 
lim y^^logy = — lim a:~“loga: = 0. 

1/— >- + 0 X— >“+QO 

Thus log x tends to — cx) and log ( 1 /x) = — log x to oo when x tends 
to zero by positive values, but log(l/x) tends to oo more slowly 
than any positive power of 1/x, integral or fractional. 


210. Scales of infinity. The logarithmic scale. Lot us consider 
once more the series of functions 

2 , ^X, ^2 

which possesses the property that, if f(x) and (p(x) are any two of the 
functions contained in it, then/{x) and both tend to co when x-^oo, 
while /{x)l(^){x) tends to 0 or to oo according as f(x) occurs to the right or 
the left of (f){x) in the scries. We can now continue this series by the 
insertion of new terms to the right of ail those already written down. We 
can begin with log x, which tends to infinity more slowly than any of the 


26-2 
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old terms. Then ^(loga:) tends to co more slowly than logx, ^(logx) thaa 
\/(logx)f and so on. Tima we obtain a series 

a:, -y* •••> V(*o8^). Wog®). •••. v(loga;). ... 

formed of two simply infinite series arranged one after the other. Wo can 
continue the series further by considering the function log logx, the 
logarithm of logx. Since x'^logx-^O, fcr all positive values of a, it 
follows on putting x = logy that 

(log y)~‘^ log log y = x“® logx 0. 

Thus log logy tends to oo with y, but more slowly than any power of logy. 
Hence we may continue our series in the form 

X, ^x, ^x logx, V('og^)- \'(Iog*) 

loglogx, ^{loglogx) .^/(loglogx), 

and it will now bo obvious that by introducing the functions log log logx, 
log log log logx, ... we can prolong the series to any extent we like. By 
putting X = 1/y we obtain a similar scale of infinity for functions of y 
which tend to oo os y tends to 0 by positive values*. 

Examples LXXXV. 1. Between any two terms /(x), F(x) of the scries 
we can insert a new term (p{x) such tliat ^;(x) tends to oo more slowly than 
f{x) and more rapidly than F(x). [Tims between ^Jx and ^’x we could 
insert x'^^: between Q-^^d .^/(logx) we could insert (logx)^*^^. And 

generally ^(x) = ^[J(x) F(x)] satisfies the conditions stated.] 

2. Find a function which tends to oo more slowly than .^/x, but more 
rapidly than x*^, where a is any rational number loss than J. [xl(logx)“^, 
where P is any positive rational number, is such a function.] 

3. Find a function which tends to oo more slowly than ^Jx, but more 
rapidly than y^x (log x)"*^, where a is any positive rational number. [The 
function (log log x)“^ is such a function. It will be gathered from these 
examples that incompleteness is on inherent characteristic of the log- 
arithmic scale of infinity.] 

4. How does the function 

/(x) = {x“(logx)^'(loglogx)«"}/{x^(logx)^'(loglogx)^"} 
behave os x tends to oo ? [If a =|= /? then the behaviour of 
f(x) = x®~^(logx)*'~^'(logloga;)®"“^" 

is dominated by that of x““^. If a = then the power of x disappears and 
the behaviour of /(x) is dominated by that of (logx)®'~^', unless a' = /?', 

* For fuller information about ‘scalei of infinity’ see the author’s tract referred 
to on p. 350. 
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when it is dominated by that of (log log 1 )“"-^". Thufl/(x) cn if a > ;?, or 
a, — P, cl'> P'> or a = /?, a,' — /?', a." > /?*■, and /(i) ->• 0 if a < /?, or a = /?, 
a.' < P', OT a, — P,ct' = P', a,' < P".'\ 

6. Arrange the functions 

X x^{\o^t) X log log X X log log log X 

V(logi)’ log log z ’ V(*og^) ’ ^(\og\ogx) 

according to their order of magnitude for large x. 

0. Prove that 

log(x+l) = logz+o(-], ilog’''^- = ^+of-V 

^X/ 'x-l X \x^) 

log log— I = - logx + log2 + 0^^j, log(xlogx)~logx 
for large x. 


7. Prove that 

d ^ ad 

— (logx)® = — ^ — , ■■ (ioglogx)® = 

dx x(logx)^ ® dx X lofTX Moct lofT frU"® 

f dx 


-f — = log log I 

xlogx j X logx log logx 


xlogx(log logx) 
= log log logx, 


8. Provo that tho curve y = x""(logx)", where x is positive and m and 
n are integers greater than 1, has at least two inflexions, and may have 
more. Sketch the curve when n is odd. {Math, Trip. 1927) 


211. The number e. We shall now introduce a number, 
usually denoted by e, which is, like tt, one of the fundamental 
constants of analysis. 

We define e as the number whose logarithm is I . In other words 
e is defined by the equation 



Since log a: is an increasing function of z, in the stricter sense of 
§95, it can only pass once through the value 1. Hence our 
definition is unambiguous. 

Now logxy = log x + logy and so 
log = 2 log x, log = 3 log x, ..., loga-" = niogx, 
where n is any positive integer. Hence 

log e" = 71 log e = n. 
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Again, if p and q are any positive integers, and denotes the 
positive gth root of we have 

p = loge^ = log(e^/®)® = glogc^^®, 
so that loge^^ = pjq. Thus, if y has any positive rational value, 
and e*' denotes the positive yth power of c, we have 

logs*' = y (1), 

and log 6“*' = — loge^ = —y- Hence the equation (1) is true for 
all rational values of y, positive or negative. In other words the 
equations y _ log a:, x = (2) 

are consequences of one another so long as y is rational and has 
its positive value. At present we have not given any definition 
of a power such as in which the index is irrational, and the 
function is defined for rational values of y only. 


Example, Prove that 2 < c < 3. [In the first place it is evident that 

i^dt 
'1 ^ 


and 80 2 < c. Also 

f^dt r^dt 

BO that e< 3.] 


f^dt 
12 « 


f: 


du 

/ 0 2 — u / 0 


du 
2 + u 


= 4 


^ du 
0 4-u' 


> 1 . 


212. The exponential function. Wo now define the ex- 
ponential function for all real values of y as the inverse of the 
logarithmic function. In other words we write 

X = 

if y = logx. 

We saw that, as x varies from 0 towards oo, y increases steadily, 
in the stricter sense, from — oo towards co. Thus to one value of 
X corresponds one value of y, and conversely. Also y is a con- 
tinuous function of x, and it follows from § 110 that x is likewise 
a continuous function of y. 

It is easy to give a direct proof of the continuity of the exponential 
function. For if x = e*' and x + ^ then 

f^^^dt 
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Thus |i;| is greater than C/(a: + £) if g>0, and than 1 £1/3! if g<0; andif^ 

is small f must also be small. 

Thus e*' is a positive and continuous function of y which 
increases steadily from 0 towards oo as y increases from — oo 
towards oc. Moreover is the positive yth power of the number 
c, in accordance with the elementary definitions, whenever y is 
a rational number. In particular = 1 when y = 0. The general 
form of the graph of e*' is as shown in Fig. 50 (p. 400). 

213. The principal properties of the exponential func- 
tion. (1) If X = c^, so that y = logx, then 

dll 1 dx 
dx X dy 

Thus the derivative of the exponential function is equal to the 
function itself. More generally 

d 

-j-e^y = ae^y. 
dy 

(2) The exponential function satisfies the functional equation 

fiy^z) =f{y)f(z). 

This follows, when y and 2 are rational, from the ordinary rules 
of indices. If y or 2 , or both, are irrational then we can choose 
two sequences y 2 » •••> 2/n» ••• rational 

numbers such that limy,^ = y, lim 2 ^ = 2 . Then, since the ex- 
ponential function is continuous, we have 
ev X e* = lim x lim = hm 
In particular e*' x e~y = e® = 1, or e~y = l/e*'. 

We may also deduce the functional equation satisfied by e*' 
from that satisfied by logx. For if y^ = loga^i, y^ = log^ 2 > 

= ey^y X 2 = e^a, then y^-Vy^ = logx^-f logXo = logx^Xg and 

gVi+i/i = giogxiii ^ x^x.^ = X ei'a. 

(3) The function e*' tends to infinity with y more rapidly than 

any power of y, or ..a 

lim|^ = liine-^y» = 0 

when y 00 , for all values of a however great. 
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We saw that a;“^loga;-^0 when for any positive value 

of y?. Writing a for 1 //?, we see that x“^(log xY -> 0 for any value of 
a. The result follows on putting z = e^. It is clear also that 
tends to 00 if 7 > 0, and to 0 if 7 < 0, and in each case more rapidly 
than any power of y. 

From this result it follows that we can construct a ‘scale of infinity’ 
similar to that constructed in § 210, but extending in the opposite direc- 
tion; i.e. a scale of functions which tend to 00 more and more rapidly when 
X -► 00 *. The scale is 

Xf ■■■* 

whore of course ...» e'*, ... denote 

The reader should try to a[)ply the remarks about the logaritlimic 
scale, made in § 210 and Exs. lxxxv, to this ‘exponential scale’ also. The 
two scales may of course (if the order of one is reversed) be combined into 
one scale 

logloga;, ..., logx, ...» X, ...» e*, e'’' 

Examples LXXXVI. 1. If D^x = ax then x = where K ia a 

constant. 

2. There is no solution of the equation f{y -\-z) = f(y) f{z) fundamentally 
distinct from the exponential function. [We assume that f{y) has a differ- 
ential coefficient. Differentiating the equation with respect to y and z in 
turn, we obtain 

f'(y + z) =f'(y)f(z), /'(y + z) =/(!/)/'(z). 

Hence f'iy)lf{y) = /'(z);/(z), and therefore each is constant. Thus if 
X =f{y) then DyX = ax, where o is a constant, so that x = iCe®*' (Ex. 1).] 

3. Prove that — l)/y when y-^0. [Applying the mean value 
theorem, we obtain — 1 = aye°v, whore 0 < | ?/ ] < | y | .] 

4. Prove that e®— 1— a:, e“®— 1+x, and 1 — -1- — ( 1 -f a:) c“® are 

positive ajid increase steadily for positive x. {Math. Trip. 1924) 

6. Prove that (^) 

when x-^oo, for all integral m and n. (Math. Trip. 1936) 

♦ The exponential function was introduced by inverting the equation y = log x 
into X = e*'; and we have accordingly, up to the present, used y as the independent 
and X aa the dependent variable in discussing its properties. We shall now revert 
to the more natural plan of taking x as the independent variable, except when it ia 
necessary to consider a pair of equations of the type y = log x,x ~ simultaneously, 
or when there is some other special reason to the contrary. 
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214. The general power a®. The function a® has been 
defined only for rational values of x, except in the particular case 
when a = e. We shall now consider the case in which a is any 
positive number. Supj)ose that x is a positive rational number 
pjq. Then the positive value y of the power is given by 
from which it follows that 

qlogy = p log a, log y = {piq) loga = x log a, 
and so y = 

We take this as our definition of when x is irrational. Thus 
10^2 ^ gV 2 iog 10 jg pg observed that a^, when x is irrational, 
is defined only for positive values of a, and is itself essentially 
positive; and that log = a: log a. The most important pro- 
perties of the function are as follows. 

(1) Whatever value a may have, xa^ — and (a^)*' = a^. 
In other words the laws of indices hold for irrational no less than 
for rational indices. For, in the first place, 

qX — ^iloga X gl/loga — g(x+i/)loga _ 

and in the second 

i^QX^y — ^yloga^ _ gxyloga ^ qXV ^ 

(2) If a> 1 then where a is positive. The 

graph of is in this case similar to that of 6“^, and a^->co when 
x-^co, more rapidly than any powder of x. 

If a < 1 then a* = where /9 is positive. The grapli 

of a-^ is then similar in shape to that of e^, but reversed as regards 
right and left, and when x->co, more rapidly than any 

power of I lx. 

(3) is a differentiable function of a:, and 

Dj.a^ = = e^*°®°loga = a^loga. 

(4) is also a differentiable function of a, and 
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(6) It follows from (3) that 

lim — - — = log a; 

for the left-hand side is the value of for x = 0. The result 
is equivalent to that of Ex. lxxxvi. 3. 

In the course of the preceding chapters a great many results 
involving the function a* have been stated with the limitation 
that X is rational. The definition and theorems given in this 
section enable us to remove this restriction. 


215. The representation of e® as a limit. In Ch. IV, 

§73, we proved that {l + (l/n)}^ tends, when n-^oo, to a limit 
which we denoted provisionally by e. We shall now identify this 
limit with the number e of the preceding sections. We can 
however estabhsh a more general result, viz. that expressed by 
the equations 

lim ( 1 +-^= lim ( 1 e® (1). 

n-^oo \ n->ao \ 

The result is very important, and we shall indicate alternative 
lines of proof, 

(1) Since ^log(l+x<) = j^^, 

it follows that hm 

*-►0 ^ 

If we put h = 1 /^, we see that 

lim ^log^l + |j = X 

when ^->00 or — 00 . Since the exponential function is con- 
tinuous it follows that 



log il-Hx/O) 


when ^ 00 or ^ ^ — 00 ; i.e. that 


( 2 ). 
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If we suppose that ^-►oo or ^-> — 00 through integral values 
only, we obtain the result expressed by the equations ( 1 ). 


(2) If n is any positive integer and a; > 1, we have 

^dt dt 


rx dt r^dt n 

Ji l^ji 


n( 1 — < log x < n(x^'^ — 1 ) 


( 3 ). 


We write y = logo;, x = e*. Then it follows from (3), after some simple 
transformations, that 


If 0 < < 1 then 


(■+?)■<..<(!-?)- W- 


l-(l-^)"<n{l-(l-^)} = nS, 


by (4) of § 74, and so 




.(5). 


In particular (6) is true if £ = y^/n* and n>y^. Hence 

which tends to zero when n->oo; and (1) now follows from (4). 

We leave it to the reader (i) to make the changes in the argument 
necessary when 0<a;< 1 and (ii) to deduce the result for negative x. 


216. The representation of logx as a limit. We can also prove 
lim n( 1 — = lim — 1 ) = log x. 

For n(a;i/"-l)-n(l-a;-i/") = - 1) (1 

which tends to zero as n -> oo, since n(x^” — 1) tends to a limit (§ 76) and 
to 1 (Ex. xxvn. 10). The result now follows from the inequahties (3) 
of §216. 


Examples LXXXVII. 1. Prove, by taking y = I and n = 6 in the in- 
equalities (4) of § 216, that 2-5 <e <3-0. 

2. If as n->oo, then (H-g„)"->ek [Writing nlog(H-f^) in 

the form , /n^„\ log(H-^„) 

and using Ex. Lxxxm. 3, we see tliat n log ( 1 + £„) -► L] 
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3. If -► 00 , then ( 1 + -► oo; and if 1 + > 0 and — oo, then 

4. Deduce from (1) of § 215 the theorem that c* tends to infinity more 
rapidly than any power of y. 

217. Common logarithms. The reader is probably familiar 
with the idea of a logarithm and its use in numerical calculation. 
He will remember that in elementary algebra log^ x, the logarithm 
of X to the base a, is defined b}^ the equations 

x = ay, y = \og^x. 

This definition is of course aj>plicable onl^' when y is rational. 

Our logarithms are therefore logarithms to the base e. For 
numerical work logarithms to the base 10 are used. If 

y = \ogx = \og^x, 2 = ]ogioX, 
then X = and also x = 10* = so that 

logio^; = (logc^'l/OogJO). 

Thus it is easy to pass from one system to the other when once 
logg 10 has been calculated. 

It is not part of our purpose in this book to go into details 
concerning the practical uses of logarithms. If the reader is not 
famihar with them he should consult some text-book on algebra 
or trigonometry*. 


Examples LXXXVIII. 1. Show that 


Goshx = re“®cos(6x-l-^), Dj^e^^smbx = rc'*® sin (6a; + 


where r = ->/(a^ + 6*), cos (9 = ajr, sinO = 6/r. Hence determine the nth 
derivatives of the functions e“®cos6a:, e^^sinbx, and show in particular 


that 



sin 6a; = (asec^)" e"®sin {6x-f n^). 


{Math. Trip. 1932) 

2. If f/„ is the nth derivative of sin bx, then 

!/n+i-2a2/,-|-(a* + 62)t/„_i = 0. (Math. Trip. 1032) 


* See for example Chrystal’s Algebra, 2nd edition, voL i, ch. iii. The value of 
log, 10 u 2-302.. . and that of its reciprocal -434.... 
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3. If 1/n is fli® derivative of x®e®, then 

Vn = in(n- l)i/,-n(n-2)i/i + i(n- l)(n-2)t/. 

(Math, Trip, 1934) 

4. Trace the curve y = c““®sin6x, -where a and b are positive. Show 
?that y has an infinity of maxima whoso values form a geometrical progres- 
sion and which he on the curve 

b 

= "77 2 ^'rip, 1912, 1935) 

5. Integrals containing the exponential function. Prove that 

f a C03 bx b sin bx f 

cos bxdx= — , e“®, u 

J a^ + b^ * j 


a sin hx — b cos bx 
c®® sin hxdx = — — — - — _ c" 


a2 + 5> 


+ 52 

[Denoting the two integrals by /, J, and integrating by parts, we obtain 
al = coshx -\-hJ f aj = e“®sLn — 6/, 

Solve these equations for 1 and J.J 

6. Prove that if a > 0 then 

f® a b 

I e~°^cosbxdx= - — , / e~^^smbxdx = • 

Jo + Jo a* + 6“ 

7. If I„ = je'^^x^dx then a7„ = — n7„_i. [Integrate by parts. It 

follows that I„ can be calculated for all positive integral values of n.] 

8. Prove that, if 71 is a positive integer, then 


e~H^dt = n ! e~®( e* — 1 — x ... 

0 \ 2 ! ! 


e’^x^dx = 71 !. 


(Math. Trip, 1935) 


and 

9. Prove that 

I eH^dt = ( — 1)""^ n ! — 1+a:— +...+( — 1)"~^ — i; 

Jq \ 2! nlj 

and deduce that, when x> 0, e"® is gi-eater than or less than the sum of the 

.r® 

first n + 1 terms of the series 1 — a: -H - - — . . according os n is odd or even. 

(Math. Trip. 1934) 

10. If = f e-*t"dt then u„ — (?i + x)u„_i-i-(n — l)x7in_f = 0. 

Jo 

(McUh, Trip. 1930) 
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y-oo rao 

11. Express = / x^e~^ cos xdx and = / x^6~^BUixdx in terms 

y 0 y 0 

of and Jm-if flJid show that 

- 1 )/„_, = 0 

if m is an integer greater than 1. Determine by putting = m\u^ in 
the last relation. {Math, Trip. 1936) 

12. Show how to find the integral of any rational function of e®. [Put 
X = logu, when c® = w, dxjdu = l/u, and the integral is transformed into 
that of a rational function of u.] 

13. Prove that we can integrate any function of the form 

P{x, e°®, e**® cos lx, cos mx , sin lx, sin mx, ...), 

where P denotes a pol3Tioniial. 


14. Prove that I R(x)dx, where A> 0 and o is greater than the 

y a 

greatest root of the denominator of i2(a:), is convergent. [This follows from 
the fact that tends to infinity more rapidly than any power of x.] 


1 6 . Prove that / e ~^ ®*+/*® dx, where A > 0 , is convergent for all values 

J -03 

of p, and that the same is true of / x" dx, where n is any positive 

y — 00 

integer. 

16. Draw the graphs of e®*, xc®, xc~*, xc®“, xc“®’, and xlogx, 

determining emy maxima and minima of the functions and any points 
of inflexion on their graphs. 

17. Show that the equation e®* = hx, where a and b are positive, has 
two real roots, one, or none, according as b> ae, b = ae, or b<ae. [The 
tangent to the curve y = e®® at the point (f, e®^) is 

y-e< = ae<{x-^), 

which passes through the origin if = 1 , so that the line y = aex touches 
the curve at the point (1/a, e). The result now becomes obvious when we 
draw the line y = bx. The reader should discuss the coses in which a or 6 
or both ore negative.] 


18. Show that the equation e® = 1 4 -x has no real root except x = 0, 
and that e® = 1 + x + Jx* has three real roots. 

X® 

19. Prove that ^ — 7 has two stationary values, one at the origin, and 


e®- 1 


the other at « = 6(1— e”*) approximately. 


(Math. THp. 1932) 
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20. The hyperbolic functions. The hyperbolic functionfl ooshx*, 
sinha;, ... axe defined by the equations 

coshx = + sinhrc = — «“*), 

sinh X cosh a; 1 1 

tanh X = — - — , coth x = — — , sech x = ; — - , cosech x = . 

cosh X smh x cosh x sinli x 

Draw the graphs of these functions. 

21. Establish the formulae 

cosh (— x) = cosh x, sinh ( — x) = — sinh X, tanh ( — x) = —tanh x, 

cosh* X — sinh® X = 1, sech® x + tanh* x = 1, coth* x — cosech* x = 1, 
cosh 2x = cosh* x + sinh* x, sinh 2x = 2 sinh x cosh x, 
cosh (x + y) = cosh x cosh y + sinh x sinh y, 
sinh (x + y) = sinh x cosh y + cosh x sinh y. 

22. Verify that these formulae may be deduced from the corresponding 
formulae in cos x and sin x, by writing cosh x for cos x and i sinh x for sinx. 

[It follows that the same is true of all the formulate involving cos nx and 
sinnx wliich are deduced from the corresponding elementary properties 
of cos X and sin x. The reason for this analogy will appear in Ch. X.] 

23. Express coshx and sinhx in terms (a) of cosh2x, (6) of 8inh2x. 
Discuss any ambiguities of sign that may occur. (Malh. Trip, 1908) 

24. Prove that 

Dj, coshx = sinli X, sinhx = coshx, 

D^tanhx = sech'x, D^jCothx = — cosech® x, 

D, sech X = — sech x tanh x, cosech x = — cosech x coth x, 

D, log coshx = tanhx, D^log | sinhx | = cothx, 

Da arc tan e® = i sech x, D^ log ] tanh \x \ = cosech x. 

[All these formulae may of course be transformed into formulae in 
integration.] 

25. Prove that cosh x ^ 1 and — 1 < tanh x < 1 . 

26. Show that if — \tt <x<\7t and y is positive, and cosx coshy = 1, 
then y = log (secx + tanx), D^y = 8ccx, Dj,x = sechy. 

27. The inverse hyperbolic functions. We write 

8 = sinh X, t = tanh x, c = cosh x, 
and suppose that x increases through all real values. 

* ‘Hyperbolic cosine’: for an explanation of this phrase see Hobson’s Trigo- 
noinetry, ch. ivi. 
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(i) The function s increases steadily and assumes every real value once. 
The equation sinh x = a has a unique solution 
X = log{a-f 1)}, 

which we write os argsinhs. 


(ii) The function t increases steadily with x, and has the limits 1 and 
— 1 when x->>oo and x-^ — oo. The equation tanhx = < has a unique 
solution 

which we write os arg tanh t. 

(iii) The function c is even, and greater than 1 except when x = 0. 
It increases steadily when x is positive, and tends to oo when x -► oo. The 
equation cosh x — c has two solutions 

a: = log {c + “ 1 )}» ^ = log {c - V(c» - 1 )}. 

equal numerically and opposite in sign. We call the first solution, which 
is positive, arg cosh c. 

Thus arg sinh X, arg tanh x are the one valued inverses of sinhx and 
tanh X, while arg cosh x may be regarded as one value of the two valued 
inverse of coshx. Verify that 


dx 




X f dx X f dx 1 X 

— = arg sinh - , = arg cosh - , — = — arg tanli - 

a*) a a Jx^ — a^ a a 


if a>0, x>a in the second formula, and —a<x<a in the third. These 
formulae give us alternative methods of writing a good many of the 
formulae of Ch. VI, 


28. Prove that 

f dx 

Ti w Ml ~ 21og{V(x-o) + V(a:-6)} 

J y/{(x-a)(x-b)} 
f dx 

= 2arctan /(^) 

J ^J{{x — a) {b — x)} V \b — xj 

29. Solve the equation a cosh x + 6 sinh x = c, where c> 0, showing that 
it has no real roots if 6^ 4- c* — a* < 0, while if 6* + c* — a* > 0 it hfiLs two, one, 
or no real roots according as a + 6 and a — b are both positive, of opposite 
signs, or both negative. Discuss the case in which 6® + c* — a* = 0. 

30. Solve the simultaneous equations 

coshx cosh y = a, sinh x sinh y = b. 


(a<6 <x), 
(x<a < 6), 
(a<x<h). 
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31. ->■ 1 83 a? -► 00 . [For ajV(» = ^idog®)/®^ {\ogx)/x-^0. Cf. Ex. 

XXVII. 11.] Show also that the function has a maximum when x = e, 
and draw the graph of the function for positive values of x. 

32. a;® -> 1 os a; -► + 0. 


33. If Un-^-i/^n h where / > 0, when n -► oo, then 1. 

[For logw«+i-logw„ -►logZ 

and so logt/„~nlogh 

See Ch. IV, Misc. Ex. 17.] 

34. ^(n !)~e~^n when n 00 . [Take = n“"n ! in Ex. 33.] 
2nl 


35. 


n\n\ 


-4. 


36. Discuss the approximate solution of the equation c* = ajioooooo^ 

[It is easy to see by general graphical considerations that the equation 
has two positive roots, one a little greater than 1 and one very large*, and 
one negative root a little greater than — 1. To determine roughly the size 
of the large positive root wo may proceed as follows. If e® = then 

a; =10® log a:, loga;= ] 3-82 + log log x, loglog.!: = 2'63 + log Tl V 

\ 13'82 / 

roughly, since 13-82 and 2-63 are approximate values of log 10® and 
log log 10® respectively. It is easy to see from these equations that the 
ratios logx : 13-82 and log logx : 2-G3 do not differ greatly from unity, and 

x= 10*(13-82 + Ioglogx) = 10'>(13-82 + 2G3) = 16460000 

gives a tolerable approximation to the root, the error involved being 
roughly measured by 10®(logloga: — 2-63) or (10®log Ioga;)/13-82 or 
(10® X 2-63)/13'82, which is less than 200,000. The approximations are of 
course very rough, but suffice to give us a good idea of the scale of magnitude 
of the root. 

Discuss similarly the equations e® = lOOOOOOx^®®®®®®, e®* = ajiooooooooo j 


218. Logarithmic tests of convergence for series and 
integrals. We showed in Ch. VIII (§§ 181, 185) that 



(a> 0) 


• The phrase ‘very large’ is of course not used here in the technical sense ex- 
plained in Ch. IV. It means ‘a good deal larger than the roots of such equations as 
usually occur in elementary mathematics*. The phrase ‘a little greater than’ must 
be interpreted similarly. 


H r M 
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are convergent if 5>1 and divergent if Thus IJn~^ is 

divergent, but is convergent for all positive values 

of a. 

We saw however in §210 that with the aid of logarithms 
we can construct functions which tend to zero more rapidly 
than but less rapidly than any power For example 

n~^{\ogn)~^ is such a function, and the question whether the 

series , 

— 

nlogn 

is convergent or divergent cannot be settled by comparison with 
any series of the type 

The same is true of such series as 


1 


Jonlofrn 


2* 


nAy(logn)’ 7i(logn) 

It is important to find tests whicli shall enable us to decide 
whether series such as these are convergent or divergent; and 
such tests are easily deduced from the integral test of § 180. 

For since 

^ Z)Jogloe:a; = , 

we have 

f dx (log^)^~*— (loga)i~* dx 


Jidog X)- - . D. log log * - 




1-8 


'•i: 


xlogx 


= log log log log a, 


oX(loga;)* 

if a>l. The first integral tends to the limit (loga)^'“®/(5 — 1), 
when CO, if 5 > 1, and to oo if 5 < 1. The second integral tends 
to 00. Hence the series and integral 


■■ 


dx 


{logxY* 


^7l(log7l)« 

where Uq and a are greater than unity, are convergent if 5 > 1 , 
divergent if s^l. 

It follows that Z^{n) is convergent if 


^(n) = 0 


1_\ 


7i(log n)*} * 
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where 5 > 1, for large n, and divergent if (pin) is positive and 


^--=0(nlog7.). 

We leave the statement of the corresponding theorem for 
integrals to the reader. 


Examples LXXXIX. 1. The series 

* n^+' ’ n(Iogn)^+'’ 

vrhere s> 0, are convergent for all vakies of p and q\ and 

1 ^ ^ ^ 1 

n^“*(logn)^* n^“'(log n)^' (loglogn)®* n(logn)^-' (loglogn)^ 

divergent. For (logfi)^ = 0{n^) for every p (however large) and every 
positive <5 (however small), and (log log n)*’ = 0{(logn)<^}. The factors 
involving logn and log log n in the first two series of each set, and that 
involving log logn in the third of each set, are negligible from the point 
of view of convergence. 


2. The convergence or divergence of such series as 

^ _i_ ^ log J og bg_n 

n log n log log n ’ n log n V(log log n) 

cannot be settled by the theorem of p. 418, since in eacli case the function 
under the sign of summation tends to zero more rapidly than n~^(logn)~^ 
yet less rapidly tlian n"^(log where a is any positive number. For 
such series we need a still more delicate test. The reader should be able, 
starting from the equations 

d , ^ 1 — 

dx^ * xloga;log3a;...log^_iX(log*a:)'* 

^ 1 ^ 

dx xlogx loggX ... logt_i a: logjtx’ 

where log 2 :c = log log a:, loggX = log log log x, to prove the following 
theorem: the series and integral 

^ 1 f °° 

t^nlogn loggn ... logfc_in(logtn)'' Ja xlogx log^.r ... logfc_ix(logtx)' 
are convergent if 8> \ and divergent if 5 ^ 1 , n^^ and a being any numbers 
sufficiently great to ensure that logj^n and log^x are positive when n>nf, 
or x^a. These values of tIq and a increase very rapidly os A; increases: 


* ThiE notation must not be confused with that of p. 412. 
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thus log a: > 0 requires x> 1 , logja :>0 requires x> c, log log a; > 0 requires 
x>e*, and so on; and it is easy to see that c*> 10 , 20 , 000 , 

g#«^>g20000 > JQBOOO^ 

The reader should observe the extreme rapidity with which the higher 
exponential functions, such as e*"' and increase with x. The same 
remark of course applies to such functions as and a““*, whore o has 
emy value greater than unity. It has boon computed that 9®" has about 
369,093,100 figures, while 10 ^®^“ has of course 10,000,000,001. Conversely, 
the rate of increase of the higher logarithmic functions is extremely slow. 
Thus to make log log log log a:> 1 we have to suppose x a number with 
over 8000 figures*. 

The number of protons in the universe has been estimated at 10®°, and 
the number of possible games of chess at 10 ^°^®. 


3. Prove that the integral ^ - |log(^-^| dx, where 0<a<l, is con- 
vergent if a < — 1, divergent if 5 ^ — 1. [Consider the behavuour of 




1 ' 


dx 


when € -► + 0. This result also may be sharpened by the introduction of 
higher logarithmic factors.] 


4. 


Prove that 



dx is divergent for all values of s. [The 


last example shows that «< — 1 is a necessary condition for convergence 
at the lower limit: but {log ( 1 /x))* tends to oo like ( 1 — x)', as x -► 1 — 0 , if a 
is negative, and so the integral diverges at the upper limit when a < — 1 .] 


6 . The necessary and sufficient conditions for the convergence of 
x^'^jlog (^- j| dx are a> 0 , a> — 1 . 

6 . Investigate the convergence of 


/. 


x^dx 


0 (l+x)''{l + (logr)=} 

(Math. Trip. 1934) 


Examples XC. 1. Euler’s limit. Show that 

1 + 1+1 + .. .+^j-logn 


tends to a limit y as n -► oo, and that 0 <7 < 1. [This follows at once from 
§ 180. The value of y is *677..., and y is usually called Euler's constant.] 
* See the footnotes to pp. 350 and 404. 
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2. If a and b are positive then 




tends to a limit as n -► cx). 


3. If 0<5< 1 th 


(f>{n) = l + 2--f-3-+... + (n- ^ 


tends to a limit as n -> oo. 

4. Show that the series 

1 1 1 
1 2'(TTT) 3(l+i+J) 

is divergent. [Compare the general term of the series with (nlogn)"^.] 

5. TJie case a = 1 in § 183. When a = 1 in equation (1) of § 183, we 

take u„ = (nlogn)“i, when is divergent. Since 

log(n+l) 1 ,1 . ^/ I \| . . 1 . ^/1\ 


we have 


= , llogn + -+0(--) = 1+-;: + 0( — ), 

.og7i logn I n \nvj nlogn \n^/ 


= i_i L-+ofiY 

(n + 1 ) log (n 4- 1 ) n n log n \n*/ 


Hence v„+i/v„> for large n, and i7v„ is divergent. 

6. Prove generally that if is a series of positive terms, and 

8 „ = Ui + Ua+..,-rU„, 

then 27 (Wn/^n-i) i® convergent or divergent according os 27w„ is convergent 
or divergent. [If 27w„ is convergent then 8„_i tends to a positive hmit Z, and 
so 27 (i/„/5„_i) is convergent. If 27 m„ is divergent then -► oo, and 


— >log 1 + -^— = log 


(Ex. Lxxxiii. 1 ); and it is evident that 

log + log -« + ... 4- log = log 

fll fig ®n-l 

tends to 00 as n -► oo.] 

7, Sum the series 1 — J -}- J — .... [We have 

1 + 1 + ...+^ = log( 2 n+l) + 7 + 0 ( 1 ), 
2(1 + 7 +...+;^) = log(n+l )+7 + o(l). 
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by Ex. 1, y denoting Euler’s constant. Subtracting and making n -► oo 
we see that the sum of the given series is log 2. See also § 220.] 

8. Prove that the series 

oscillates finitely except when C = y^ when it converges. 


219. Series connected with the exponential and log- 
arithmic functions. Expansion of by Taylor’s theorem. 

Since all the derivatives of the ex^^onential function are equal to 
the function itself, we have 


e-. 1+. + -. + , 


n ! 


where 0 < ^? < 1 . But x^^jn ! -> 0 as n -> oo, whatever be the value of 
X (Ex. XX VII. 12); and < e^. Hence, making ?i tend to oo, we have 


x^ x^ 

e"=l+^+2!+- + n! + 


(!)• 


The series on the right-hand side of this equation is known as 
the exponential series. In particular we have 

® 

and so 

/I 1 x^ 

(1 + 1 + ^! + ...+^+...) = l + + + (3). 

a result known as the exponential theorem. Also 

_ gxioffa = 1 + (xloga) -h + (4) 

for aU positive values of a. 


The reader will observe that the exponential series has the property of 
reproducing itself when every term is differentiated, and that no other 
series of powers of x would possess this property : for some further remarks 
in this connection see Appendix II. 

The power series for e® is so important that it is worth while to investigate 
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it by an alternative method which does not depend upon Taylor’s theorem 

E^ix) = + ^ + 

2! n! 

and suppose that x > 0. Then 

(■+D'- 


which is less than E^(x) if n > 1 . And, provided n > x, we have also, by the 
binomial theorem for a negative integral exponent, 




n{n + 1) 


/rr\2 

-) +...>^„(x). 

\nj 


Thus 



E^{x) < 



(n>x). 


But (§215) the first and lost functions tend to the limit e® as n oo, and 
therefore i5J„(x) must do the same. This proves ( 1) when x is positive. That 
it is true also when x is negative follows from the functional equation 
f(^)f{y) = satisfied by the exponential series (Ex. Lxxxi. 7). 


Examples XGI. 1. Show that 
x^ x^ 

cosh X = 1 ' 


x^ 

smh X = x-l 1 

3 ! 5 ! 


2. If X is positive then the greatest term in the exponential series is the 
([x] 4- l)th, unless x is an integer, when the preceding term is equal to it. 

3. Show that n ! > {nje)^. [For n’*/n ! is one term in the series for e".] 


4. Prove that = — (2 -f iS. + S^), where 
n 1 




1 


^2 = (l-y) + (l-v)(l-2r)-h.... 


1 + v (1 + j ')(1 + 2 j ^) 
and V = l/n; and deduce that nl lies between 2(n/c)" and 2(n+ 1) (n/e)". 


6. Employ the exponential series to prove that e® tends to infinity 
more rapidly than any power of x. [Use the inequality e®>x”/nl.] 

0. Show that e is not a rational number. [If e = pjq^ where p and q are 
integers, we must have 
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or, multiplying by 5 1, 


p 1 1 \ 1 1 

-- 1-1 ... = + 

q 2! q\J ^+1 (q+l){q-\-2) 


+ ...; 


and this is absurd, since the left-liand side is integral, and the right-hand 
side less than (g-f 1)“^ + (?+ 1)““+ ... = 


7. Sum the series ^r(^) — » where P,.(n) is a polynomial of degree r 

0 

in n. [We con express P,.(n) in the form 

AQ + AiTi + A^nin— 1) + ... 1) . • . (n - r -f 1), 


and 


X'* 


S PA^) — , = 2 , .t: + . . . + /Ir S 


n ! 


71 ! 


(n-1)! 


r(n-r)! 


= (^o + ^iX-f ^2X* + ... + ^,.x’') e®.] 


8 . Show that 

CO 8 


V — x" = (x -f 3x* -f X*) e®, 2 — e*; 

I n\ I nl 

and that if iS„ = 1^ + 2* + . . . -f n* then 

CO 

2 — = l(4x -f 14x® + 8x* -f X*) e®. 

n ! 

In particular the lost series is equal to zero when x = — 2. 

(Math. Trip, 1904) 

9. Prove that Z(nln\) = c, 2r(7i*/n!) = 2e, 2J(n^ln\) = 5e, and that 
Z* (n*/?^ !), where k is any positive integer, is a positive integral multiple of e. 

(yi 2 ) x^ 

10. Prove that = x~* {(x* — 3x + 3) e* -f Jx* — 3}. 

I (n + 2)n! 

[Multiply numerator and denominator by 7^ -f 1, and proceed as in Ex. 7.] 
1 — ae~® — 6e“*® — . 

11. Evaluate hm — — in the three cases (i) a = 3, 

^-►0 1 — ae* — — ce^® 

6 = - 6, c = 4; (ii) a = 3, 6 = - 4, c = 2; (iii) o=3, 6 = -3, c = 1. 

(Math. Trip. 1923) 

a^ — b^ 

12. Evaluate lim 

2,^0 c®-d- 

when a, 6, c, d are positive and c + cZ. (Math. Trip. 1934) 

13. Deduce the exponential series from the result of Ex. lxxxvui. 9. 

14. If 

X* 

Xq = e®, Xi = e*— 1, X, = e®— 1— X, X, = e®— 1— x , 

2 1 


• •• f 
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then the derivative of X, is X,_i. Hence prove that if t > 0 then 

Xi{t) = / X^dxKte*, X^{t) = / Xidx< I xe"dx<e* xdx = 

Jq Jo Jo Jo 2! 

and generally X^,{t) < — e*. Deduce the exponential theorem 

15. Show that the expansion in powers of p of the positive root of 
= o* begins with the terms 

a {1 - ip log a -f- ip* log a (2 + log o)}. 

(Math. Trip. 1909) 


220. The logarithmic series. Another very important 
expansion in powers of x is that for log (1 +a;). Since 

and J/(l + t) = + if t is numerically less than unity, it 

is natural to expect* that log (1 + a:) will be equal, when — 1 <a:< 1, 
to the series obtained by integrating each term of the series 
1 — ^ + ...fromf = Oto^ = Xji.e.totheseriesa: — 
and this is in fact true. For 


1 

1 -f- ^ 

and so, if a:> — 1, 


( — l)mm 


1 + ^ 


r ^ (it x^ 

iog(i+^) =J^_ = x-~+...+(-i)-i-+(-ir 

‘J. rri- 




where 

If 0 < a; g 1 then 




c 1 

t^dt = -.< --^0 


I 0 m + 1 m+ I 

when m 00 . If — 1 < a: < 0, and a; = — so that 0 < ^ < 1 , then 




w"' 


-du 


and 




■u 


u^du = 

0 (m+l)(l-^) 


> 0 : 


* See Appendix 11 for some mrther remarks on this subject. 
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SO that again -> 0. Hence 
log(l+z) = 

provided that If x Ues outside these limits the series 

is not convergent. Ifx=l we obtain 

log2 = 1 — ^4-^— ...» 

a result already proved otherwise (Ex. xc. 7). 

221. The series for the inverse tangent. It is easy to 
prove in a similar manner that 

dt r* 

arctan 2 := - — — + 

J 0 1 + J 0 

= X — ^x^ + — ... 

when — 1 < a: g 1 . The only differences are that the proof is a little 
simpler, since arc tan x is an odd function of x and we need only 
consider positive values of x; and that the series is convergent 
when X = — 1 as well as when a: = 1. We leave the discussion to 
the reader. The value of arc tan a; which is represented by the 
series is of course that which lies between — and when 
— 1 ^a:< 1, and which we saw in Ch. VII (Ex. lxiit. 3) to be the 
value represented by the integral. If a; = 1, we obtain the formula 

^77- = 1 J — .... 


Examples XCII. 1. log 


1 


= x + + + ... if — 1 ^a7< 1. 


2. argtanhx = Jlog 


1 + X 

l—x, 


A-xJ 

= x+ix^ + ^x^+ ... if — 1 <a;< 1. 


3. Prove that if x is positive then 

, X I / X \* l/x\* 

log(l + x) = — + 2(1^) +3(1:^) 


(Math. Trip. 1911) 

4. Obtain the series for log(l 4-3^) and arc tan a; by means of Taylor’s 
theorem. 

[A difficulty presents itself in the discussion of the remainder in the 
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first series when x is negative, if Lagrange’s form is used; Cauchy’s form, 
viz. 

" “ (l+Ox)” ' 

should be used (cf. the corresponding discussion for the binomial series, 
§§ 152(2) and 1G8). 

In the case of the second series we have 
D; arc tan X = Z)"~^(l + 

= ( — 1)""^ (n — 1) ! (x^+ l)“i" sin {n arc tan ( 1/x)} 

(Ex. XLV. 16), and there is no difficulty about the remainder, which is 
obviously not greater in absolute value than 1/n*.] 


5. Prove that log 2 lies between the sums of the first 2n and the first 
2n+l terms of the series 1 — J + J — .... {Math. Trip. 1930) 


6. Evaluate 


7. If 2 / >0 then 


hm 


1 — x4- logx 
l-V(2x-x'^)* 


(Math. Trip. 1934) 


logj/ = 


fy-I I/y-iy l/y-iy | 
ly+l 3V1/+I/ 5 \w+l/ •••]■• 


[Use the identity y \ ^ — ! ) * series may be used 

\ y-\- 1// V 3 / + 1/ 

to calculate log 2, a purpose for which the series 1 — i + J — . . owing to 
the slowness of its convergence, is practically useless. Put y = 2 and find 
log 2 to three places of decimals,] 


8. Find log 10 to three places of decimals from the formula 

log 10 = 31og2 + log(l + i). 

9. Prove that 



= 2 


l2a: + i 3(2x+l)3 






if X > 0, and that 

^(x-f l)2(x-2) lx3-3x 3\x3-3x/ 5\x^-^xJ j 

ifx>2. Given that log 2 = -6931471. .. and log 3 = 1 098()123. . show, by 
putting X = 10 in the second formula, that log 11 = 2-397895 — 

(Math. Trip. 1912) 


* The formula for P" arc tan z fails when x = 0, since arc tan (1/x) is then 
undefined. It is easy to see (of. Ex. XL.v. 15) that arc tan (1/x) must then be inter- 
preted at meaninjt ^n. 
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10. Show that if log 2, log 5, and log 1 1 are known, then the formula 

log 13 = 3 log 11+ log 6 — 9 log 2 

gives log 13 with an error practically equal to *00015. {Math, Trip. 1910) 

11. Show that 

i log 2 = 7a + 66+ 3c, i log 3 = 1 la + 86 + 5c, J log 5 = 10a + 126 + 7c, 
where a = argtanh 6 = argtanh /g, c = argtanh iJi. 

[These formulae enable us to find log 2, log 3, and log 5 rapidly and with 
any degree of accuracy.] 

12. Show that 

in = arc tan J + arc tan J = 4 arc tan \ — arc tan njg, 
and calculate rr to six places of decimals. 

13. Expand log{l — log(l — x)} up to the term in x*; and deduce the 

corresponding expansion of log{l +log(l + x)} by substituting x/(l+x) 
for X, (Math. Trip. 1923) 

14. Show that the expansion of ( 1 + x)^+® in powers of x begins with the 

terms l+x + x* + Jx*. (Math, Trip, 1910) 


15. 


Show that 


logic e-\Wa:+l)) logi. 


l+x 


logio^ 
24x> ' 


approximately, for large values of x. Apply the formula, when x = 10, to 
obtain an approximate value of logi^e, and estimate the accuracy of the 
result. (Math, Trip, 1910) 


16. If 


o 1 !/-l ^(-1)' 

2x = log — + 2-^ 




and 1 <1/^3, then y = — cothx. Find a similar expansion for 2x valid 
for — 3^2/<— 1. (Math, Trip, 1927) 


17. Using the logarithmic series and the facts that 

logio2*3758 = *3758099..., logjoC = *4343..., 

show that an approximate solution of the equation x = lOOlogioX is 
237*68121. (Math. Trip. 1910) 

18. Expand log cos x and log sin x — log x in powers of x as far as x^, and 
verify that, to this order, 

log sin X = log x^ix oos x + log cos i®- 

(Math. Trip. 1908) 
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/•* dt 

19. Show that / if — 1 1. Deduce that 

+ + (JfalA. Trip. 1896) 

4 

[Proceed £18 in § 221 and use the result of Ex.xlviii. 8. Sum J — } + ti — ••• 
similarly.] 


20. Prove generally that if a and 6 are positive integers then 
1 1 1 _ rU^-^di 

Of (2 + 6 a + 26 / Q 1 + ^^ 

and BO that the sum of the series can be found. Calculate in this way the 
sums of 1 — J + f — ... and J— J + J— .... 


222. The binomial series. We have already (§ 1G8) in- 
vestigated the binomial theorem 



assuming that — 1 < a; < 1 and that m is rational. When m is 
irrational we have ( i + a;)m = gm log (i+x)^ 

dx^ ^ l+x ^ 


so that the rule for the differentiation of ( 1 + x)"^ remains the 
same, and the proof of the theorem given in § 1G8 retains its 
vahdity. There remain the cases z = I and a: = — 1. 

(1) When a: = 1 the series is 


l+m + 


m(m - 


2 ! 


1 ) ^ m{7n — 1) (m — 2) 

I h .... 


3! 


If m+1^0 the general term does not tend to zero (Ex. 

Lxxxiv. 3). If m+l>0 then ultimately alternates in sign 

and decreases steadily to zero, so that the series is convergent. 

To sum the series, take /(a:) = (1 + a:)^ and vTite 0 for a and 
1 for h in (1) of § 1G7. We obtain 

2^ = 'Wo + 'i^i+...+t^„_i4-i?^, 




m(m— 1) ... (m — n-h 1) 






where 
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The integral here is less than for large n (since m — n<0 
and 1 + ^ ^ 1). Hence 




• 0 . 


Thus the binomial aeries is convergent for x = 1 if and only if 
m > — 1, and its sum is then 2"*. 

(2) When a; = — 1 we can sum the first n+\ terms of the series. 
Thesumis lifm = 0. Otherwise, if we putx = — landm = — /i,itis 

...{fi + n-l) ...{fi+n) 

nl 


1 +/^ + ...+- 


nl 


= (-l) 


-rr) 


(Ex. Lxxxi. 5). This tends to zero when m > 0, and does not 
tend to a limit when m<0 (Ex. Lxxxiv. 3). Hence the series is 
convergent for x = —\ if and only if m ^ 0, and its sum is 1 when 
w = 0 and 0 when m > 0. 

Examples XGIII. 1. Prove that if ~ 1 <a:< 1 then 
1 . 1 . 1 . 3 . 1 


1 1.3 

. — = 1 — x^-\ x^ — 

V(l+:r2) 2 2.4 




2. Approximation to quadratic and other surds. Let y/AI be a 
quadratic surd whose numerical value is required. Let bo the square 
nearest to M; and let M = N^-\~x or M = N’^ — x, x being positive. Since 
X cannot be greater than Ny x/N^ is comparatively small and the surd 
yjM = N ± (x/N^)} can be expressed in a series 

^ ±-}' 

which is at any rat© fairly rapidly convergent. Thus 

'/<" - +2(54) - i-rl (n)’* • 

Verify that the error committed in taking Siii (the value given by 
the first two terms) os an approximate value is one of excess, and is less 
than 3^64®, which is less than *003. 

3. If X is small compared with then 




Nx 


4rN 2(2V2 + 2:)’ 
the error being of the order x^/N"^. Apply the process to ^097. 
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4. If Af differs from by less than 1 per cent, of either, then differs 

from iN + \MN-^ by less than iV/90000. {Math. Trip. 1882) 

6. If Af = + Xy and x is small compared with iV, then a good approxi- 

mation for is 

61 ^ 6 Af 21 Nx 

— “I -) • 

6G 56A^3 i4(7Af + 6A^) 

Show that when N = 10, x = 1, this approximation is accurate to 16 
places of decimals. {Math. Trip. 1886) 

6. Show how to sum the scries 



where P,.(n) is a polynomial of degree r in n. 

[Express Pr(^) fho form A ^n{n — 1) + ... as in Ex. xci. 7.] 


223. An alternative method of development of the theory of 
the exponential and logarithmic functions. Wo shall now give an 
outline of a method of investigation of the properties of e® and log x entirely 
different in logical order from that followed in the preceding pages. This 

x^ 

method starts from the exponential scries 1 -f a: + -- + . . .. We know that 

this series is convergent for all values of a*, and we may therefore define 
the function expx by the equation 

expx = 1+1 + --+ (1). 


We then prove, os in Ex. nxxxi. 7, that 

exp X X exp y = exp {x + y) 


Also 


exp/i-1 h 

r~ = ^ + 2'! + 3l + - - 


I PI 


where p{h) is numerically less than 

IPI+IPI=+IPI’+... = 

so that p{h) 0 as A -► 0 ; and so 


exp (a: + 7t) — exp a; ^esph—l 

' - - r - — 0Xp X 


-expx 


as A -► 0, or 


dx 


exp a; = exp a; 


.( 2 ). 


•( 3 ). 


Incidentally we have proved that exp a; is a continuous function. 
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W© have now a choice of procedure. Writing y = ©xpx and observing 
that exp 0 = 1, we have 



and, if w© define the logarithmic fimction as the function inverse to the 
exponential function, we ore brought back to the point of view adopted 
earlier in this chapter. 

But w© may proceed differently. From (2) it follows that if n is a positive 
integer then (expx)" = expnx, (exp 1)" = expn. 

If a; is a positive rational fraction m/n, then 

{exp (m/n)}" = expm = (exp 1)"*, 

and so exp (m/n) is equal to the positive value of (exp 1)”*^". This result 
may be extended to negative rational values of x by means of the equation 
expx exp ( — x) = 1; 
and BO we have expx = (exp 1)* = e*, 

say, where e = exp 1 = 

for all rational values of x. Finally we define e®, when x is irrational, as 
being equal to exp x. The logaritlun is then defined as the inverse function. 

Example, Develop the theory of the binomial series 

/m\ , m\ 

2 / ^ 

where — l<x<l,ina similar manner, starting from the equation 
/(m,x)/(m',x) =/(mH-m',x) 

(Ex. Lxxxi. 6). 

224. The analytical theory of the circular functions. 

We return now to a subject which we have already discussed 
briefly in § 163. 

We have, throughout the body of this book, taken the elements 
of plane trigonometry for granted, and have used the trigono- 
metrical or ‘circular’ functions cos a:, sinx, tanx, ... freely for 
purposes of illustration. We pointed out however in § 163 that 
the foundations of trigonometry are not quite so simple as a 
beginner might suppose, and that the ordinary presentation of 
the theory rests on certain presuppositions which demand careful 
analysis. 
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There are at least four obvious methods by which we may con- 
struct an analytical theory of the circular functions. 

(i) The geometrical method. The most natural method is to 
follow as closely as we can the procedure of the ordinary text- 
books, translating the geometrical language which they employ 
into the language of analysis. We discussed this problem in § 163, 
and concluded that it involves one and only one serious difficulty. 
We have to show either that with any arc of a circle is associated 
a number which we call its length, or that with any sector of a 
circle is associated a number which we call its area. These demands 
are alternative, and when either of them has been satisfied our 
trigonometry will rest on a secure foundation. It is usual to 
adopt the first alternative, and to base trigonometry on the notion 
of length; but Ch. VII contains an accurate discussion of areas 
and not of lengths, so that we were naturally led to prefer the 
second alternative. 


(ii) The method of infinite series. The second method, which is 
adopted in many treatises on analysis, is to define the trigono- 
metrical functions as the exponential function was defined in 
§223, namely by infinite series. We define cos a; and sin a: by the 
equations 


(1) co8a:= 1-- + --..., sina: = x-- + '^,-.... 


3! 


These series are absolutely convergent for all real values of x, and 

may be multiplied together as in § 223. We thus obtain the 

formula / . \ • • 

cos (X‘\-y) = cos X cos y — sin x sin y 

and the other addition formulae of trigonometry. The property of 
periodicity is a little more troublesome. We can prove from (1) 
that cos X, which is positive for small values of x, changes its sign 
just once in the interval (0, 2), say for x = and we define n by 
the equation It is then easy to prove that sin^Tr = 1, 

cos TT = — 1 , sin TT = 0 ; and the equations 

cos {x + n) = — cos X, sin (x + tt) = - sin x 
then follow from the addition formulae. A careful account of the 


H P M 


28 
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theory, as based on these definitions, will be found in Whittaker 
and Watson’s Modern analysis. Appendix A. 

This theory is satisfactory enough, but it is more natural when 
we are considering cosz and sinz as functions of a complex 
variable z than when, as here, we are concerned with real variables 
and functions only. 

(iii) Definition of the sine by an infinite product. A third method 
is to define sin x by the equation 


sin a: = X 



1 - 




This method has many advantages, but naturally demands a 
knowledge of the theory of infinite products. 

(iv) Definition of the inverse functions by integrals. There is a 
fourth method which is preferable here, since it follows the same 
fines as our treatment of the logarithmic function earlier in this 
chapter. We begin by defining the inverse tangent of x by the 
equation 

( 1 ) y = t/(x) = arc tana: =1^ 

This equation defines a unique value of y corresponding to every 
real value of x. Since the subject of integration is even, y{x) is 
an odd function of x. Also, since y is continuous and strictly 
increasing, there is, by § 110, an inverse function x = x{y), also 
continuous and strictly increasing. We write 

(2) x = x{y) = ts.ny. 

If we define tt by the equation 



then x{y) is defined for — < j/ < \7r. 

We now write 

1 


( 4 ) 


cosy = 


where the square root is positive. Thus cosy and sin y are defined 
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ioT —\7T <y <\7T, When y-^^TT, x-^oo, and so cosy-^0 and 
sin ?/->■ 1. We define cos ^tt and sin by the equations 

(5) cos^7r = 0, sin^7r=l. 

Then cos y and sin y are defined for —\TT<y<\TT and tan y for 
-\rr<y<\7T. 

Finally, we define tany, cosy, and siny, for values of y outside 
the interval { — Itt, In), by the equations 

(6) tan(y + 77) = tany, cos(y + 7r)= — cosy, sin(y + 77)= — siny, 
which extend our definitions successively to the intervals (In, ^n), 
(f/r, Itt-), ( — f77, —^n), ( — ^n, — in), .... The tangent is then 
defined for all values of n except the values (A: + ^)n, where h is 
an integer. For these values the definition fails; and tany tends 
to + 00 or to — 00 when y tends to one of them, the sign depending 
on whether y tends to the value in question from below or from 
above. On the other hand cosy and sin y are defined, and con- 
tinuous, for all values of y. 


T1iu 3 tan y -► 4- oo when y — The sign is reversed by a change 

of — 0 to 4-0. 

To see that cos y is continuous for y = Jtt we observe (i) that cos ^77 = 0 
by definition, (ii) that cos y 0 when y — 0, by (4 ), (iii) that cos y 0 
when y — ^77 4- 0, b}^ (4), and therefore when y ^ Jtt -f 0, by (6). 

We have begun by defining arc tan x and tany, and then defined cosy 
and siny in terms of tany. We might have treated arc sin x and siny as 
our fundamental functions. In this ceise we should have defined arcsinx, 
in the remge ( — 1, 1) of values of x, by the equation 

P dt 

where the square root is positive; sin y by inversion; 77 by J 77 = 
and cos y and tan y by 

X 

cosy = tany = -( - l<x< 1). 

Vv I ) 

The procedure we have adopted is slightly more convenient. 


dt 


225 . We have now given all the definitions necessary, namely 
those expressed in §224 by numbered equations. The further 
development of the theory depends upon the addition formulae. 



436 LOGARITHMIC, EXPONENTIAL, AND CIRCULAR [iX 
We observe first that 


(H-a:2)(l -ft/2) ^ i^i^xyY + {x + y)^ 

and so 


dx dy _ (1 +t/2)dx+ (1 +x2)rfy 
1 +a;2"*' 1 -f t/2 i^\—xy)^^{x + yY 

_ (1 —xy)d{x~\-y) — {x-\-y)d{l —xy) _ dz 
“ a^yp-f (x+t/)2 “ 


where 

This suggests that 


z = 


x-\-y 


l-xy 

arc tan x + arc tan y = arc tan z ; 


but the functions are many valued, and the formula requires 
more careful examination. 


We write 


x^-^u t — x^ 

I— x^u* I -i-x^t' 


XU i. 1 x^(x.-^u) l-hx2 

so that J- = + 77-^^ = 77 V 2 > 

du l—x^u (l—x-^u)^ (1— 

Then t and u vary always in the same sense. As t increases from 

— oo to — 1/xi, u increases from l/x^ to 00 , and as t increases from 

— 1 jx^ to 00 , u increases from — 00 to I jx^. Also w = 0 when t = x^, 
and u = —x-^ when t = 0*. 

Suppose now that X 2 has any value such that the interval 
( — Xj, Xg) of values of u does not include the point u = l/xj, for 
which t has an infinity. If x^ > 0, x^ must be less than l/x^, and 
if Xi < 0, Xg must be greater than l/xj. In these circumstances i 
increases or decreases steadily from 0 to 


XiH-X2 
X = ^ 

1 — XjXj 

when u increases or decreases from — x^ to Xg. Since 
1 (l-x^w)* 

(l + x2)(l-fu2)» 


The reader should draw the graph of each variable as a function of the other. 
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arc 


dt du 

tan X = arc tan ^ = r = 

^ du r® du du 

Jo l+w^'^j-x, l+W* Jo l+M^'*'Jo 1 


du 


= arc tana; j -fare tan OTg. 

If now we write 

y = arc tan x, = arc tan x^, = arc tan 

we have 2/ = 2/i + 2/2 and 

,1) + = * = = 

which is the addition formula for the tangent. 

The formula is at present proved only under certain restric- 
tions on the values of the variables, viz. that Xg < l/x^ if x^ > 0 and 
Xg > 1/xjL if Xi < 0. When x^ > 0 and Xg-^ l/x^ from below, x-^co 
and y->\ 7 r\ and when Xi<0 and Xg-^l/xj from above, x-> — 00 
and y-^ — \n. Our restrictions therefore amount to this, that 
^1, 2/2, and y^ + y^ must all lie in the range ( — \n, \ 7 t). 

These restrictions are however unnecessary. 

The restriction on 2/1 + 2/2 arose from our supposing that the 
interval ( does not include l/x^. Suppose that this con- 
dition is violated, e.g., to fix our ideas, that x^ > 0 and x^ > l/x^. 
Then, when u increases from —x^ to Xj, t increases from 0 to 00, 
and then changes sign and increases from — 00 to x. We have thus 

p du dt p dt 

J_x,i+u2~Jo r+<2'^J_«riT2 

dt 


_ r® dt r® dt p 

“Jo r+T2+J_„irM2^JoT 


+t^ 


= 77- + arc tan X. 


Hence arc tan x = arc tan x^ + arc tan Xg — n, 

and so, by (6), 

tan (2/1 -h 2/2) = tan (2/1 + 2/2 - ^) = tan y 

Xi -f- X2 _ tan 2/1 4- tan ^2 

1 — x^Xj I — tan 2/i tan 2/2 
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We may deal similarly with the case in which x^< 0 ; and it 
follows that (1) is valid whenever and 2/2 he in ( — J77). 

Finally, since each side of (1) is, by (6), a periodic function of 
yi or of y^, (1) holds without reservation, except when y^, or 
Vi + 2/2 an odd multiple of ^77, in which case it ceases to have a 
meaning. 


226 . From (1) of § 225 and (4) of § 224 we deduce 

cosHv +v)= (l-tan t/,t an y,)^ 

^ ^ (l+tan27/j)(l + tan^y2) 

= (cos y^ cos ^2 - sin y^ sin 

and cos {y^ -\-y^ = ± (cos y^ cos y^ — sin sin y^. 


To determine the sign put y^ = 0. The equation reduces to 
cos!/i = ± cosy^, so that the positive sign must be chosen when 
2/2 = 0. Since both sides change sign when y^ is increased by tt, 
the formula holds, with the positive sign, when y^ is any multiple 
of 77. Further, both sides are continuous functions of y^, bo that 
the sign could change only when each side vanishes, that is to say 
for the values . . . , — i77 — y^, ^77 — y^, |77 — y^, . . . , one each in every 
interval of length 77. Since we have seen that there is, in each such 
interval, a value of y^ for which the sign is positive, it follows that 
it must be always positive. Hence 


(2) cos (yi + yg) = cos y^ cos y^ - sin y^ sin y^\ 

and the formula for sin (y^ + y^ can be proved similarly. 


MISCELLANEOUS EXAMPLES ON CHAPTER IX* 

1. Given that logjoS = *4343 and that and 3*^ are nearly equal to 
powers of 10, calculate log^o 2 and log^g 3 to four places of decimals. 

{Math. Trip. 1905) 

2. Show that logi„n cannot be a rational number if n is any positive 
integer not a power of 10. [If n is not divisible by 10, and logion = pjq, 
we have 10^ = n®, which is impossible, since 10^ ends with 0 and n® does 


A number of these ezamplec are taken from Bromwich’s Infinite eerite. 
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not. If n = where N is not divisible by 10, then logi^iV, cmd 

therefore , , 

logion = a + logioIV, 

cannot be rational.] 

3. For what values of x are the functions log x, log log x^ log log log x, ... 
{a) equal to 0, (6) equal to 1, (c) not defined? Consider also the same 
question for the functions lx, llx, Ulx, ..., whore lx = log \x\, 

4. Show that 


logx-(^ Jlog(x+ l) + ^^jlog (x+2)-... + (- l)"log(x + n) 

is negative and incroases steadily towards 0 as x increases from 0 towards oo. 
[The derivative of the function is 

n! 


1 \r/x + r 


x(x+ 1) ... (x + n)* 

as is easily seen by splitting up the right-hand aide into partial fractions. 
This expression is positive, and the function itself tends to zero as x -► oo, 


since log(x-f r) = logx + o(l) and 1 — 

6. Prove that 

'd\"logx ( — l)"nl 


+ 


= 0 .] 


/ d \ " logx _ I 

\dxj X 


n.l vlog^-1-2- 


•h. 


6. If X > — 1 then x* > ( 1 + x) {log ( 1 + x)}*. 


(Math. Trip. 1909) 
(Math. Trip. 1906) 


[Put 1 + x = and use the fact that sinh ^ when ^ > 0.] 


7. Show that and 


X (H-x)log(l-f x) 

X increases from 0 towards oo. 


both decrease steadily as 


8. Show that, as x increewes from — 1 towards oo, the function ( 1 + x)~^^* 
ossiunes once and only once every value between 0 and 1. 

(Math. THp. 1910) 

9. Show that , ^ as x^O. 

log(l + x) X 2 

1 0. Show that decreases steadily from 1 to 0 eis x increases 

log ( 1 + x) X 

from — 1 towards oo. [The function is undefined when x = 0, but if we 
attribute to it the value J when x = 0 it becomes continuous for x = 0. 
Use Ex. 6 to show that the derivative is negative.] 
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11. Prove that ^{x) = J sin x tan a; -log see a; 

ifl positive and increasing for 0 < ® < Jtt, and that }/r{x) = 0{x^) for small x. 

(Math, Trip. 1930) 

3^ (l+soc^) logsec^di 

12. If 6(x) — : 

log sec x[x-\- log (soc x + tan x)) 

then (i) ^5(x) is even; (ii) (j){x)= \ + approximately, for small x\ 

and (iii) -► f when x^\n through values less than ^tt. 

(Math, Trip. 1930) 

13. Show that e"> Mx^, where M and N are large positive numbers, if 
X is greater than the greater of 2 logM and 16A7^*. 

[It is easy to prove that \ogx<2^x; and so the inequality given is 
certainly satisfied if 

X > log M + 2N^x, 

£ind therefore certainly satisfied if ix>logilf, ^a:> 2A^^x.] 

14. Show that the sequence 

Gj = e, Oj = e**, aj = c**^, . . . 

tends to infinity more rapidly than any member of the exponential scale. 

[Let ei(x) = e®, e^ix) = and so on. Then, if e^(x) is any member of 
the exponential scale, a„> ei(n) when n>A:.] 


16. If p and q are positive integers then 


1 

pn-f 1 


1 1 , 

H To^ ••• “* 

pn -1-2 qn 



as n -► 00 . [Cf. Ex. Lxxvm. 7.] 


16 . Prove that if ® is positive then nlog{J(l +x^^")} Jlogx as 
n -► 00. [We have 

nlog{J(l +x^f”)} = nlog{l — J(1 — x^/")) = \n( \ ^ ^ 

where u = i( 1 — x^"). Now use § 2 1 6 and Ex. Lxxxm. 3.] 


17. Prove that if a and h are positive then 

+ 6^/")}” -► y](ab), 

[Take logarithms and use Ex, 16.] 

18. Show that 


l+^ + ^ + ... + 2 ^^ = ilogn + log2 + J7 + o(l), 
where y is Euler’s constant (Ex. xo. 1). 
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19. Show that 

the series being formed from the series 1 — ^ ^ . by taking alternately 

two positive terms and then one negative. [The sum of the first. 3ti terms is 


= i log 2n + log 2 + Jy + o( 1 ) - J{log n + y + o( 1 )}.] 


20. Prove that 

n 

s 


1 


iviSdv*-!) 


— ~ 3 + 3 i7._ . 1 — 


where jS, = = 1 + ... +— i— - . Hence prove that 

Z n J Zn — 1 

the sum of the series when continued to infinity is 

-3 + ilog3 + 21og2. {Math. Trip. 1905) 


21. Prove that the sums of the four series 
- 1 _ 1 


S: 


(-l)n-l 


14^2-1’ 1 4ni>-l’ Y(2n+l)'-l’ i(2n+l)»-I 

are J/r — i, i, J log 2 — J respectively. 

22. Investigate the convergence or divergence of 
cclogn 


r(logn)-o .^(log2-£: 

V ^ / V n+li 

(Math. Trip. 1935) 


23. Examine the convergence or divergence of 
for £dl real values of a, 5, o. 


(Math. Trip. 1925) 


24. The series is rearranged in the form 

til + u, + u* + Mj + W 5 + u, 4- + We + 1^8 + • ■ • + -I- • • • 

(one term of odd rank, then two of even, then four of odd, then eight of 
even, ...). Examine the convergence or divergence of the rearranged 
series when 


(1) ti.= 


(2) = 


nlog(n+ 1) 

(Math. Trip. 1930) 


25. Prove that n I (o/n)" tends to 0 or to C30 according as a < c or a > c. 
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26. Prove that if u, = nle“n~"“* then 


«n+l ' »*’/ 


Deduce that, if a is fixed, and a is the integer nearest to a^n, then 


.T.yo- 


(Math. Trip. 1928) 


27. If ti„>0 and = 1 then u„ ~ where K is a 

u„ n \n*/ 

constant. [For 


log = 

u„ n 


where p, = 0(n-*). Hence 
log 


-a 2] -+ 5] p^= -a(logn + 7 ) + H + o(l), 
1 ^ 1 


where H = 

28. Prove that 

(o+ l)(a + 2) ... (o + n) 
(6+l)(6 + 2)...(6 + n)' 
where X is a constant. [Use Ex. 27]. 




29. Prove that, in the notation of Ex. xc. 6, Z(uj8^) oonvergoa or 
diverges with . [The proof is the same in the cose of convergence. 
If is divergent, and from a certain value of n onwards, 

then Sn<2an-if and the divergence of Z{u„/8„) follows from that of 
Z(uj8^_i). If on the other hand u„>8„_i for an infinity of values of n, 
as might happen with a rapidly divergent series, then J for all 

these values of n.] 


30. Prove that if x > — 1 then 
1 1 


II 


(x+l)« (x+l)(x + 2) (x+l)(x-f2)(x+3) 

21 


. ,v/ « / +.... (Math. Trip. 1908) 

(x+ l)(x-|-2)(x + 3)(x + 4) 

[The difference between 1 /(x +1)* and the sum of the first n terms of the 
1 nl 


series is 


(x+l)»(a;+2)(x+3)...(x + n-|- 1) 

31. Find the limit as X -► 00 of 

/ao + aiX+ ... 




/ ao + giX4-...4-Ora?* ’y 

\ -f- X + . . . + 6,. / 

distinguishing the different cases which may arise. (Math. Trip. 1886) 
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32. The general solution of f{xy) = f(x)f{y)y where / is a differentiable 
function, is where a is a constant: and that of 

fix + y)+f{x-y) = 2f(x)f{y) 

is coshoa; or oosox, according as/''(0) is positive or negative. [In proving 
the second result assume that / has derivatives of the first three orders. 
Then 

+ VTi^) + oiy^) = 2f{x) {/(O) + yf'iO) + iyTW + 0 ( 2 /*)}, 
and therefore /(O) = 1, /'(O) = 0 and f'(x) = /"(0)/(x).] 

33. The equation = ax + b heis one real root if a < 0 or o = 0, 6 > 0. If 
a > 0 then it has two real roots or none, according as a log a> b — a or 
a log a <6 — a. 


34. Show by graphical considerations that the equation 

e® = ax® + 2bx + 0 

has 01 ) 0 , two, or three real roots if a > 0, none, one, or two if a < 0; and show 
how to distinguish between the different cases. 

35. Prove that the equation a®e® = x® has throe real roots if a®<4e“®, 
and that, when a is small, the small positive root is 

0 + ia® + .... {Math. Trip. 1931) 

36. Find the equation giving the values of x for which 

y = + 

is stationary, and prove that the value of y corresponding to such a value 
Xj of X is 

— 

C — Xj 

Show also that, when A, B,c are positive, the equation has just two roots, 
one greater than c and the other negative; and that they correspond to a 
minimum and a maximum respectively. {Math. Trip. 1923) 


1 /g* — 1\ 

37. Trace the curve y = - log ( \ , showing that the point (0, J) is 

a centre of symmetry, and that as x increases through all real values, y 
steadily increases from 0 to 1. Deduce that the equation 



= a 


has no real root unless 0 < a < 1, and then one, whose sign is the same as 
that of a — J. [In the first place 






444 LOOAEITHMIO, EXPONENTIAL, AND OIECULAB [iX 
is olearly an odd function of x. Also 

The function inside the large bracket tends to zero as and its 

derivative is w / \*] 

a; i ^ \sinh ix) J ’ 

which has the sign of x. Hence 0 for all values of x.] 


38, Trace the curve y = 2x), and show that the equation 

2x) = a 

has no real roots if a is negative, one negative root if 
0<a<a = ci/^V(2 + 2V2), 
and two positive roots and one negative if a > a. 

X* x" 

39. Show that the equation fj^x) = l+x + — + ...H — j = 0 has one 

real root if n is odd and none if n is even. 

[Assume this proved for n = 1, 2, 2k, Then f%it^i(x) = 0 has at least 

one real root, since its degree is odd, and it cannot have more since, if it 
had,/;^^.i(x) or/j*(x) would have to vanish once at least. Hence /it+i(x) = 0 
has just one root, and so/,k+ 2 (x) = 0 cannot have more than two. If it has 
two, say a and then/^^fc^^^lx) or /i*+i(a:) must vanish once at least between 
a and /?, say at y ; and 

/,»+.(r) 

But /i*+i(a;) is also positive when x is large (positively or negatively), fiind 
a glance at a figure will show that these results are contradictory. Hence 
/ik+i(®) = ^ has no real roots.] 


40. Prove that if o and h are positive and nearly equal then 

log“=J(a-6) ('+!). 

approximately, the error being about \(a — b)^a~^, [Use the logarithmic 
series. This formula is interesting historically as having been employed by 
Napier for the numerical calculation of logarithms.] 


41. Prove by multiplication of series that if — 1 <x < 1 then 
l{log(l+x)}* = Jx*-l{l + 4)x* + i{l4-i4-i)x^-.... 
4(arotanx)* = Jx*- i(l + i)x* + i(l + 4 + J)x*- .... 
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42. The first n -|- 2 terms in the expansion of log + + — ^^in 

powers of x are 

a:"+^ ( 1 


nl ln+1 lI(n + 2) 2 !(m-|-3) 


••• + ( 1 ) 




n ! (2n + 1)J 
(Math. Trip. 1899) 

43. Show that the expansion of exp — ... j in powers of * 

begins with tlie terms 

1 — X ^ , 

n-4- 1 s)(nH-8+ 1) 

(Math. Trip. 1909) 

44. Use the identity 

log ( 1 - X*) = log ( 1 - x) + log ( 1 + X + X®) 

to prove that 2 

is if k is not a multiple of 3 and — 2k-^ if it is. (Math. Trip. 1932) 

45. Prove that if x is small and y is the positive value of ( 1+ x + 
then 




{l-fx+0(x®)}. 


dy 


Find the limits of y and - - when x 0 by positive and by negative values, 
ax 


and sketch the graph of y near x = 0. 


46. Prove that 


/■ 


dx 


= — T log 


(x + a)(x + 6) a — b 


(Math. Trip. 1924) 
if o > 6 > 0. 


47. Prove that if a, y are ah positive, and > ay, then 

dx 1 f/? +V(/?‘-ay) i 

V{“y) j’ 


f 

Jo 


/o ax® + 2;^x4-y 
and evaluate the integral when a > 0 and ay > 


48. Prove that if a > — 1 then 


r ^ -1 

r® dt 

1 ~ ^ 1 

dn 

Jl (x + a) V(^*- 1) J 

0 cosh < -f- a J 

1 w® + 2au + 1 ’ 


and deduce that the v’^alue of the integral is 


2 


arc tan 
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if — 1 <a< 1, and 


[IX 


1 


— 7,r 


V(a>-1) ®V(“+i)-V(o-i) vV-i) 

if a> 1. Discuss the cose in which a = 1. 

49. If 0<a< 1, 0<y?< 1. then 
dx 


- arg tanh 


a- 1 
CL 1 




_ ^ 1 + V (a/?) 

L V{( 1 - 2ax + a^) ( 1 - 2/ix + fi^)} 1 - ‘ 

60. Prove that if a > 6 > 0 then 

dO IT 


r 


oacosh/9 + 6sinh^ — b^) 


51. Prove that 


i: 


’ log I 1 

ax = 


X log ( 1 -h lx) dx = } — log n <1 j dx = }, 

dx 


1 ^’ dx _ ^ 

(n - 1 1 0 {■r + V(^-^ + l”))" " n^- 'l 


(n> [ 


C,T.- 

/. 


dx 

(x+ l)2(x- + i) 


(n>l), 
= i(l-log2). 


= 1 . 


62. Prove that 


0 (1 + €»)(!+ e-“') 

(Math. Trip. 1913, 192S, 1932, 1933, 1934 


r}is_-dx=- 

f“-'-®"dx. 

r 

/o 1 + 

./ 1 1 + 

Jo 


1 + 


dx = 0; 


and deduce that if a > 0 then 


jo o^ + x* 2a 

[Use the substitutions x = l/t and x = au.] 

63. Prove that j log -f — j dx = naif a > 0. [Integrate by parts.] 

64. Prove that 

lim + + + •••) = f e-<‘"dx. 

(-► 1-0 Jo 

(Math. Trip. 1932) 

[It follows from § 180 that 


(n-|- 1 )h 


n fnh 

e~^^dx<h 2] I e~^^dx, 

>;-l JO 


Put t = and make n -► oo.] 



CHAPTER X 


THE GENERAL THEORY OF THE LOGARITHMIC, 
EXPONENTIAL, AND CIRCULAR FUNCTIONS 

221 , Functions of a complex variable. In Ch. Ill we 

defined the complex variable 

z = x + iy* 

and we considered a few simple properties of some classes of 
expressions involving z, such as the polynomial P(z). It is natural 
to describe such expressions as functions of z, and in fact we did 
describe the quotient P(z)IQ(z), where P(z) and Q{z) are poly- 
nomials, as a 'rational function’. We have however given no 
general definition of what is meant by a function of z. 

It might seem natural to define a function of z in the same way 
as that in which we defined a function of the real variable x, i.e. 
to say that Z is a function of z if there is any relation between z 
and Z in virtue of which a value or values of Z corresponds to 
some or all values of z. But it will be found, on closer examination, 
that this definition is not one from which any profit can be derived. 
For if z is given, so are x and y, and conversely : to assign a value 
of z is just the same thing as to assign a pair of values of x and y. 
Thus a 'function of z’, according to the definition suggested, is 
merely a complex function 

of the two real variables x and y. For example 

x-iy, xy, | z | = ^{x^ + y^), am z = arc tan {yjx) 

are 'functions of z’. The definition, although quite legitimate, is 
futile because it does not really define a new idea at all. 

• In this chapter we shall generally find it convenient to write x-\-iy rather 
than X + yi. 



448 


GENERAL THEORY OF THE LOGARITHMIC, [X 

It is therefore more convenient to use the expression ‘function 
of the complex variable z’ in a more restricted sense, or in other 
words to pick out, from the general class of complex functions of 
the two real variables x and y, a special class to which the expres- 
sion shall be restricted. If we were to explain how this selection 
is made, and what are the characteristic properties of the special 
class of functions selected, we should be led far beyond the limits 
of this book. We shall therefore not attempt to give any general 
definitions, but shall confine ourselves entirely to special functions 
defined directly. 

228. We have already defined 'polynomials in z (§ 39), 
rational functions of z (§46), and roots of z (§47). There is no 
difficulty in extending to the complex variable the definitions of 
algebraical functions, explicit and implicit, which we gave (§§ 26- 
27) in the case of the real variable x. In all these cases we shall 
call the complex number z, the argument (§ 44) of the point z, the 
argument of the function f{z) under consideratioii. The question 
which will occupy us in this chapter is that of defining, and deter- 
mining the principal properties of, the logarithmic, exponential, 
and trigonometrical or circular functions of z. These functions 
are so far defined for real values of z only, the logarithm indeed 
for positive values only. 

We shall begin with the logarithmic function. It is natural to 
attempt to define it by means of some extension of the definition 



and in order to do this we shall find it necessary to consider 
briefly some extensions of the notion of an integral. 

229. Real and complex curvilinear integrals. Let AB 
be an arc (7 of a curve defined by the equations 

^ = <1>{1). y = 

where <}> and r]r are functions of t with continuous differential 
coefficients <j)* and and suppose that, as t varies from to t^, 
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the point (x, y) moves along the curve, in the same direction, from 
^ to -B. 


Then we define the curvilinear integral 

{g{x,y)dx + h{x,y)dy) (1), 


L 


where g and h are continuous functions of x and y, as the ordinary 
integral obtained by efi*ecting the formal substitutions x = 

y = 


f) f + H4>> f) f '} 


We call G the path of integration. 

Let us suppose now that 

z = x + iy = + 

so that z describes the curve C in Argand’s diagram as t varies. 
Further let us suppose that 

f(z) = u + tv 

is a polynomial in 2 or rational function of 2 . Then we define 


J, 


f{z) dz 


.( 2 ) 


as meaning [u + iv) (dx + i dy), 

Jo 

which is itself defined as meaning 

J (udx — vdy)-j-ij (vdx-tudy). 


230. The definition of Log^. Now let ^+iv be any 
complex number. We define Log^, the general logarithm of 
by the equation 

Log^ = 

where (7 is a curve which starts from 1 and ends at f and does not 
pass through the origin. Thus (Fig. 61) the paths (a), (b), (c) are 
paths such as are contemplated in the definition. The value of 
Log ^ is thus defined when the particular path of integration has 
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been chosen. But at present it is not clear how far the value of 
Log^ resulting from the definition depends upon what path is 
chosen. Suppose for example that ^ is real and positive, say 



Fig. 61 


equal to Then one possible path of integration is the straight 
line from 1 to a path which we may suppose to be defined by 
the equations x = t, y = 0. In this case, and with this particular 
choice of the path of integration, we have 



so that Log ^ is equal to log the logarithm of ^ according to the 
definition given in the last chapter. Thus one value at any rate 
of Log when ^ is real and positive, is log But in this case, as 
in the general case, the path of integration can be chosen in 
an infinite variety of different ways. There is nothing to show 
that every value of Log^ is equal to log^; and in fact we shall 
see that this is not so. This is why we have adopted the 
notation Log Log g instead of log log g. Log ^ is (possibly at 
any rate) a many -valued function, and log^ is only one of its 
values. And in the general case, so far as we can see at present, 
three alternatives are possible, viz. that 

( 1 ) we may always get the same value of Log^, by whatever 
path we go from 1 to 
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(2) we may get a different value corresponding to every 

different path; 

(3) we may get a number of different values each of which 

corresponds to a whole class of paths: 

and the truth or falsehood of any one of these alternatives is in 
no way imphed by our definition. 


231. The values of Log^. Let us suppose that the polar 
coordinates of the point z = ^ are p and so that 

^ = p(cos sin (f)). 

We suppose for the present that —7T<(f)<7T, while p may have 
any positive value. Thus ^ may have any value other than zero 
or a real negative value. 

The coordinates {x, y) of any point on the path C are functions 
of and so also are its polar coordinates (r, d). Also 



in virtue of the definitions of § 229. Buta: = rcosdjiy = r sin and 


dx 

dt 



d-^-rmiQ-r — + rco8u 


= (cos0 + isin^) 


I dr 



80 that Log^ = j + ~dt = [log r] + i[0], 

where [log r] denotes the difference between the values of log r at 
the points corresponding tot = ti and t = tQ, and [0] has a similar 
meaning. 

It is clear that 

[logr] = logp-logl = logp; 

but the value of [6] requires a little more consideration. Let us 
suppose first that the path of integration is the straight line from 


tg.2 
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1 to f . The initial value of 5 is the amplitude of 1, or rather one 
of the amplitudes of 1, viz. 2k7T, where k is any integer. Let us 
suppose that initially 6 = 2k7T, It is evident from the figure that 
0 increases from 2k7T to 2k7T + ^ as ^ moves along the line. Thus 

[ 0 ] = (2A:7r + ^) — 2^:77- = </>, 

and, when the path of integration is a straight line, 

Log^ = logp^-i^4. 

We shall call this particular value of Log^ the principal 
value. When ^ is real and positive, f = p and 0 = 0, so that the 
principal value of Log ^ is the ordinary logarithm log Hence it 




will be convenient generally to denote the principal value of 
Log ^ by log^. Thus 

logf = logp + i0, 

and the principal value is characterised by the fact that its 
imaginary part lies between —it and n. 

Next let us consider any path such that the area included be- 
tween the path and the straight line from 1 to ^ does not include 
the origin: two such paths are shown in Fig. 63. It is easy to 
see that [d] is still equal to (f>. Along the curve shown in the figure 
by a continuous line, for example, 6, initially equal to 2k7T, first 
decreases to the value 

2k7T — XOP 

and then increases again, being equal to 2k7T at Q and finally to 
2fc;r + ^. The dotted curve shows a simil ar but slightly more 
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complicated case in which the straight hne and the curve bound 
two areas, neither of which includes the origin. Thus if the path 
of integration is such that the closed curve formed by it and the line 
from 1 to ^ does not include the origin ^ then 


Log ^ = log ^ = logp + i(p. 


On the other hand it is easy to 
construct paths of integration 
such that [0] is not equal to </>. 
Consider, for example, the curve 
indicated by a continuous hne in 
Fig. 54. If 0 is initially equal to 
2k7T, it will have increased by 277 
when we get to P and by Itt when 
we get to Q\ and its final value 
will be 2A’77 + 477 + so that 
[0] = 477 + and 



Log^ = logp-f i(477 + 0). 


In this case the path of integration winds twice round the 
origin in the positive sense. If we had taken a path winding k 
times round the origin we should have found in the same way 
that [6] = 2k7T + (f) and 

Log^ = \ogp-\-i{2k7T-\-(j>), 

Here k is positive. By making the path wind round the origin in 
the opposite direction (as shown in the dotted path in Fig. 64), 
we obtain a similar series of values in which k is negative. Since 
1^1 = and the different angles 2k7T -f (j) are the different values 
of am we conclude that every value of log | f | + i am ^ is a value 
of Log^; and it is clear from the preceding discussion that every 
value of Log ^ must be of this form. 

We may summarise our conclusions as follows: the general 
value of Log ^ is 

log I ^1 +iam^ = log p-\-i{2k7r + (}>)y 
where k is any positive or negative integer. The value of k is 
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determined by the path of integration chosen . If this path is a straight 
line then A = 0 and 

Log^ = logf = \ogp + i(j). 

In what precedes we have used ^ to denote the argument of the 
function Log^, and (^, tj) or {p, (j)) to denote the coordinates of 
and 2 , {x,y), {r,0) to denote an arbitrary point on the path of 
integration and its coordinates. There is however no reason now 
why we should not revert to the natural notation in which z is 
used as the argument of the function Log 2 , and we shall do this 
in the following examples. 

Examples XCIV. 1 . We supposed above that — 7 T<d< 7 Ty and so 
excluded the case in which 2 is real and negative. In this cose the straight 
line from 1 to 2 passes through 0 , and is therefore not admissible as a path 
of integration. Both tt and — n are values of am 2, and 6 is equal to one or 
other of them; and r = — 2. The values of Logz are still the values of 
log I z I -f-iamz, viz. 

log(-z) + ( 2 A;+ 1 ) 771 , 

where k is an integer. The values log ( — 2) + ni and log ( — 2) — 771 correspond 
to paths from 1 to 2 lying respectively entirely above and entirely below 
the real axis. Either of them may be taken as the principal value of Logz, 
as convenience dictates. We shall choose the value log (—z)-f 771 corre- 
sponding to the first path. 

2 . The real and imaginary parts of any value of Logz are both con- 


tinuous functions of x and y, except for x = 0 , y = 0 . 

3 . The functional equation satisfied by Logz. The function Logz 
satisfies the equation 

LogZjZ, = Logzi + Logz, ( 1 ), 

in the sense that every value of either side of this equation is one of the 


values of the other side. This follows at once by putting 
= ri(co 8 + 1 sin 0 ^)^ z, = r,(oo 8 + i sin 
and applying the formula of p. 463 . It is however not true always that 
logZiZ, = logzi + logz, ( 2 ). 

If, e.g.. 

= z, = — 1 4- 1 ^3) = cos f 77 -f t sin §77, 

then logz^ = logZj = i 77 i, and log -f log Zg = j^Tri, which is one of the 
values of Logz^Zg, but not the principal value. In fact logz^z, = — fTri. 
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An equation such as (1), in which every value of either side is a value 
of the other, we shall call a complete equation, or an equation which is 
completely true. 

4. The equation Log 2 ”* = mLogz, where m is an integer, is not com- 
pletely true: every value of the right-hand side is a value of the left-hand 
side, but the converse is not true. 

6. The equation Log(l/z) = — Logz is completely true. It is also true 
that log ( 1 / 2 ) = — log z, except when z is real and negative. 

6. The equation 

log = 1*^8 (*-“)- log (« - h) 

is true if z lies outside the region bounded by the line joining the points 
z = a, z = hf and lines through these points parallel to OX and extending 
to infinity in the negative direction. 

7. The equation 



is true if z lies outside the triangle formed by the thi’ee points 0, a, b. 

8. Draw the graph of the function I(Loga;) of the real variable x. [The 
graph consists of the positive halves of the lines y = 2k7T and the negative 
halves of the lines t/ = (2A;+ 1) tt.] 

9. The function /(x) of the real variable x, defined by 

7Tf{x) = p7T^(q-p)l(\ogx)y 

is equal to p when x is positive and to q when x is negative. 

10. The function f(x) defined by 

7Tf{x) = pTT-f (g-p)I{log(a:- l)} + (r-g)I(logx) 
is equal to p when x>lf to q when 0 < ^ < 1 , and to r when a: < 0. 

11. For what values of z is (i) logz and (ii) any value of Logz (a) real or 
(b) purely imaginary? 

12. If z = x-\-iy then Log Logz = log i?-f ?(0 + 2A:'77), where 

= (logr)^ + (d-\-2k7T)^ 

and Q is the least positive angle determined by the equations 
cos 0 : sin 0:1:: logr : 0 -|- 2k7T : ^J{i^ogr)^ 2k7T)^}. 

Plot roughly the doubly infinite set of values of LogLog (1 +i\/3), in- 
dicating which of them are values of logLog(l + i which of 

Loglog(H-iV3)- 
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232. The exponential function. In Ch. IX we defined 
a function of the real variable y as the inverse of the function 
y = logx. It is naturally suggested that we should define a 
function of the complex variable z which is the inverse of the 
function Logz. 

Definition. If any value of Logz is equal to we call z the 
exponential of ^ and write 

z = exp 

Thus z = exp^ if ^ = Logz. It is certain that to any given 
value of z correspond infinitely many different values of It 
would not be unnatural to suppose that, conversely, to any given 
value of ^ correspond infinitely many values of z, or in other 
words that exp ^ is an infinitely many-valued function of This 
is however untrue, as is proved by the following theorem. 

Theorem. The exponential function exp^ is a one-valued 
function of 

For suppose that 

= ri(cos 0^-\-i sin Of), z^ = r 2 (cos O^ + i sin O.f) 
are both values of exp Then 

Logz, = Logzj, 

and so log -f i{d^ -I- 2m7T) = log + iiO^ + ^nn), 
where m and n are integers. This involves 

log — log rg, 0^ -h 2m7T = ^2 + 2.n7T, 

Thus fi = rg, and 6^ and 0^ differ by a multiple of 2/1. Hence 

Zi = Z 2 . 

Corollary. If ^ is real then exp ^ the real exponential 
function of ^ defined in Ch. IX. 

For if z = then logz = i.e. one of the values of Logz is C 
Hence z = exp 

233. The value of exp Let f and 

z = exp f = r(cos 0-\-i sin 6). 

[-\-i7j = Log z = log ri-i{0-\- 2m7r), 


Then 
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where mis an integer. Hence ? = log r, 7 = ^ + 2m7r, or 
r = e^, 0 = 7 / — 2m7r; 

and accordingly 

(b + ^V) = e^cos y-hi sin y). 

If y = 0 then exp ^ = e^, as we have already inferred in § 232. 
It is clear that both the real and the imaginary parts of exp -H ty) 
are continuous functions of ^ and y for all values of ^ and y. 

234. The functional equation satisfied by exp^. Let 

+ + Then 

X ®xp ^2 = e^i(cos 1 sin ^1) X e^*(cos 973 + i sin y^ 

= e^i+^a{co8 {y^ + 772) -h i sin (971 + 772)} 

= exp(^i + Q. 

The exponential function therefore satisfies the functional rela- 
tion /(Cl + ^2) = equation which we have proved 

already (§213) to be true for real values of Ci and ^2- 

235. The general power a^. It might seem natural, since 
expC = when C is real, to adopt the same notation when C is 
complex and to drop the notation exp C altogether. We shall not 
follow this course because we shall have to give a more general 
definition of the meaning of the symbol We shall find then that 

represents a function with infinitely many values of which 
expf is only one. 

We have already defined the meaning of the symbol in a 
considerable number of cases. It is defined in elementary algebra 
in the cases in which a is real and positive and C rational, or a real 
and negative and C a rational fraction whose denominator is odd. 
According to the definitions there given has at most two values. 
In Ch. Ill we extended our definitions to cover the case in which 
a is any real or complex number and C any rational number pjq; 
and in Ch. IX we gave a new definition, expressed by the equation 

aC = 

which applies whenever C is r^l ^ positive. 
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Thus we have, in one way or another, attached a meaning to 
3i, (-l)i, (V3 + iirt (3-5 )i+V2; 

but we have as yet given no definitions which enable us to attach 
any meaning to 

We shall now give a general definition of which apphes to all 
values of a and real or complex, with the one hmitation that 
a must not be zero. 


Definttion. The function is defined by the equation 
at = exp (f Log a), 

where Log a is any value of the logarithm of a. 

We must first satisfy ourselves that this definition is consistent 
with the previous definitions and includes them all as particular 
cases. 


(1) If a is positive and ^ real, then one value of ^Loga, viz. 

^loga, is real: and exp(^loga) = which agrees with the 

definition adopted in Ch. IX. The definition of Ch. IX is, as we 
saw then, consistent with the definition given in elementary 
algebra; and so our new definition is so too. 

(2) If a = e^(cos i/r + i sin r/r), then 

Log a = r + i{}/r + ^mn), 


exp Log a j Cis {fr + 2m7r)| , 


where m may have any integral value. It is easy to see that if m 
assumes all possible integral values then this expression assumes 
q and only q different values, which are just the values of 
found in § 48. Hence our new definition is also consistent with 
that of Ch. III. 


236. The general value of aL Let 

^ S a = cr(cos -H i sin 
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where -7T<i/r^7T, so that, in the notation of §235, cr = or 
T = log (7. Then 

^Loga = {^ + iri){loga + i(i/r + 2m7T)} = L + iM, 

where 

L = ^log(j-' 7 (^ + 2m7r), M = log cr + + 2m77); 

and = exp Log a) = e^(cosif + isinif). 

Thus the general value of is 

log [-^09 [jj log O' + + 2m7r)} 

+ i sin [jj log (T + ^{\J/ + 2m7r)}]. 

In general is an infinitely many-valued function. For 

I I = (5^1ogcr-57(^+2m;r) 

has a different value for every value of m, unless ?; = 0. If on the 
other hand ^ = 0, then the moduli of all the different values of 
are the same. But any two values differ unless their amphtudes 
are the same or differ by a multiple of 271. Tliis requires that 
2m7r) and 2 r 77-), where m and n are different integers, 
shall differ, if at all, by a multiple of 277. But if 

^(^-f2m77) — 277^’) = 2h7T, 

then ^ = kKm — n) is rational. We conclude that is infinitely 
many -valued unless ^ is real and rational. On the other hand we 
have already seen that, when ^ is real and rational, has but a 
finite number of values. 

The principal value of ati = exp (^Loga) is obtained by giving Log a its 
principal value, i.e. by supposing m = 0 in the general formula. Thus the 
principal value of is 

ei loK -7 t/^{cos (7 log O' -H -h i sin (77 log cr -f ^xj/)}. 

Two particular cases are of especial interest. If a is real and positive 
and f real, then o' = a, = 0, ^ 77 = 0, and the principal value of oC is 

eCioga^ which is the value defined in Ch. IX. If | o | = 1 and f is real, 
then 0- = 1, 77 = 0, and the principal value of (cos yJ^ + istn is 

008 f ^ -f- i sin This is a further generalisation of de Moivre s theorem 
(§§ 45, 49). 
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Examples XCV. 1. Find all the values of i*. [By definition 
i* = exp (iLogi). 

But i = cos iTT + i sin Jtt, Log ♦ = ( 2A; + J) ni, 

where k is einy integer. Hence 

= exp { — (2A; + J) tt} = 

All the values of i* are therefore real and positive.] 

2. The values of o^, when plotted in the Ajgand diagram, are the 

vertices of an equiangular polygon inscribed in an equiangular spiral 
whose angle is independent of a. (Math, Trip, 1899) 

[If at = r(cos ^ -I- i sin we have 

r = eflogff-i7(i/^+tm7r)^ 0 - g7log(7 + ^(^4*2m77); 

and all the points lie on the spiral r = 

3. The function et. If we write c for a in the general formula, so that 
log cr = 1, ^ = 0, we obtain 

et = e^~*”*^^{cos (ij + 2m7T^) + i sin (tj + 2m7T^)}, 

The principal value of et ia e*(cos7} -{-isim}), which is equal to exp f (§233). 
In particular, if ^ is real, so that 7 = 0, we obtain 
et(co8 2m7T^-|-tsin 2m7rQ 

as the general emd ct as the principal value, et denoting here the positive 
value of the exponenticd defined in Ch. IX. 

4. Show that Loget = (H- 2m7ri) 2n7ri, where m and n are any 
integers, and that in general Logot has a double infinity of values. 

5. The equation 1/aC =z a~C is completely true (Ex. xcrv. 3): it is also 
true of the principal values. 

6. The equation xb^ = (ab)^ is completely true but not always true 
of the principal values. 

7. The equation x a^' = is not completely true, but is true of the 

principal values. [Every value of the right-hand side is a value of the 
left-hand side, but the general value of oC x viz. 

exp {^(log a + 2mm) + C'(log a -1- 2nm)}^ 
is not os a rule a value of unless m = n,'] 

8. What are the corresponding results as regards the equations 

LogaC =z ^Loga, (aC)C' = (oC')C = aCC'T 

9. A necessary and sufficient condition that all the values of should 
be real is that 2f and {rj log 1 a | + f am a) In, where am a denotes any 
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value of the amplitude, should both be integral. What are the oorro- 
sponding conditions that all the values should be of unit modulus T 

10. The general value of | + x-* | , where x > 0, is 

g-<m-n)7r ^[2{cosh 2(m + n) ;r + cos ( 2 log x)}]. 

11. Explain the fallacy in the following argument: since = 1, 

where m and n are any integers, therefore, raising each side to the power i, 
we obtain 


12. In what circumstances are any of the values of x®, where x is real, 
themselves real ? [If x > 0 then 

X* = exp (x Log x) = exp (x log x) Cis 2m7rx, 
the first factor being real. The principal value, for which m = 0, is always 
real. 


If X is a rational fraction p/(2g + 1), or is irrational, then there is no other 
real value. But if x is of the form p/2g, then there is one other real value, 
viz. — exp(xlogx), given by m = g. 

If X = — g < 0 then 

*• = exp { - ^ Log ( - g)} = exp ( - ^ log I) Cis { - (2m + 1) vi). 

The only case in which any value is real is that in which f = pl{2g+ 1), 
when m := q gives the real value 

exp(-flog^)Cis(-pff) = 

The cases of reality eu’e illustrated by the examples 


13. Logarithms to any base. We may define f = Log^z in two 
different ways. We may say (i ) that ^ = Log^ z if the 'principal value of aC is 
equal to 2 ; or we may say (ii) that ^ = LogoZ if any value of oC is equal to z. 

Thus if a = 6 then ^ = Log, z, according to the first definition, if the 
principal value of is equal to z, or if exp ^ = z; and so Log, z is identical 
with Log 2 . But, according to the second defimtion, ^ = Log , 2 if 
eC = exp (^Log«) = z, ^Logc = Logz, 
or f = (Log 2 )/(Loge), any values of the logarithms being token. Thus 

log I z I + (am 2 + 2rn7T) i 
S — Log, 2 — j 2n7Ti * 


80 that ^ is a doubly infinitely many -valued function of 2 . And generally, 


according to this definition, Log<,z = (Log 2 )/(Logo). 


14. 


Log, 1 


2m77’i 
1 + 2n7rt ' 


(2771-1- 1)77-* 
H-2n77i 


where m and n ore any integers* 


Log,(-l) 
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237. The exponential values of the sine and cosine. 

From the formula 

exp -f irj) = exp ^ (cos 7 + i sin tj), 

we can deduce a number of very important subsidiary formulae. 
Taking ^ = 0, we obtain exp(i97) = cos 77 + 1 sin ^7 ; and, changing 
the sign of 97, exp ( — 177) = cos rj — i sin 77. Hence 

COST] = i {exp {i?}) + exp ( — it/)}, 
sin 77 = — ^i(exp {iy) — exp ( — iy)]. 

We can of course deduce expressions for any of the trigono- 
metrical ratios of 77 in terms of exp (iy). 


238. Definition of sin ^ and cos ^ for all values of We 


saw in the last section that, when ^ is real, 

cos ^ = i (exp (i^) + exp ( - i^)} (la), 

sin^ = -ii{exp(iC)-exp(-2:^)} (16). 


The left-hand sides of these equations are defined, by the 
ordinary geometrical definitions adopted in elementary trigo- 
nometry, only for real values of The right-hand sides have, on 
the other hand, been defined for all values of real or complex. 
We are therefore naturally led to adopt the formulae (1) as the 
definitions of cos ^ and sin ^ for all values of These definitions 
agree, in virtue of the results of §237, with the elementary 
definitions for real values of 

Having defined cos^ and sin^, we define the other trigono- 
metrical ratios by the equations 


^ ^ sm^ cos^ 1 

tanc= i., cot^ = ^ — ,7, secf = cosec l = 

^ cos^ sing cosg ^ 


sing 


...( 2 ). 


It is evident that cos g and sec g are even functions of g, and sin g, 
tan g, cot g, and cosec g odd functions. Also, if exp (ig) = /, we have 

cos ^ = i{t + 1 ~^}, sin g = — 
co82g+Bin2g = |{(^ + ri)2-(^-ri)2} = 1 (3). 

We can moreover express the trigonometrical functions of 
g -1- g' in terms of those of g and g' by the same formulae as those 
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which hold in elementary trigonometry. For if exp (iQ = t, 
exp (if') = t\ we have 


cos (f+n 



= cos f cos f ' — sin f sin f ' (4) ; 

and similarly we can prove that 


sin (f 4- f ') = sin f cos f ' + cos f sin f ' (5). 

In particular 

cos (f -f- ^tt) = - sin f, sin (f + iTi) = cos f (6). 

All the ordinary formulae of elementary trigonometry are 
algebraical corollaries of the equations (2)-(6); and so aU such 
relations hold also for the generahsed trigonometrical functions 
defined in this section. 


239. The generalised hyperbolic functions. In Ex. liXxxvin. 20 
we defined cosh f and sinh f, for real values of f, by the equations 

coshf = J{exp^4-exp(-f)}, sinh^ = ^{exp exp (- 0} .•■(!). 
We can now extend this definition to complex values of the variable; 
i.o. we can agree that the equations (1) are to define cosh ^ and sinh ^ for 
all values of f real or complex. The reader will easily verify that 

cos if = cosh f, sin if = i sinh f, cosh if = cos f, sinh if = i sin f . 

We have seen that any elementary trigonometrical formula, such as 
cos 2f = cos^ f — sin* f. remains true when f is allowed to assume complex 
values. It therefore remains true if we write cos if for cos f, sin if for sin f 
and cos 2if for co8 2f; or, in other words, if we write coshf for cosf, 
isinh f for sin f, and cosh 2f for cos 2f. Hence 

cosh 2f = cosh® f + sinh® f . 

The same process of transformation may be applied to any trigonometrical 
identity. It is this which explains the correspondence noted in Ex. Lxxxvm. 
22 between the formulae for the hj’perbolic and those for the ordinary 
trigonometrical functions. 

240. Formulae for cos (f + 17), 8m(f + i?7), etc. It follows from the 
addition formulae that 

cos (f + i?;) = cos f cos itj — sin f sin iij = cos f cosh rj — i sin f smh 17, 
sin (f + iTj) = sin f cos iy + cos f sin 117 = sin f cosh ^ + i cos f smh rj. 
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These formulae are true for all values of ^ and tj. The interesting case ia 
that in which ^ and rj are real. They then give expressions for the real eind 
imaginary parts of the cosine emd sine of a complex number. 


Examples XCVI. 1 . Determine the values of f for which cos f and sin ^ 
are (i) real, (ii) purely imaginary. [For example cos f is real when 17 = 0 or 
when f is any multiple of tt.] 


2 . I cos (5 + iyj) I = V(co 8 * i + sinh* rj) = V{i{oo 8 h 2 rj + cos 2 ^)}, 
I sin (f 4- tiy) I = v^(sin*f + 8inh*i7) = ^{J(co 8 h 27 — cos 2 ^)}. 
[Use (e.g.) the equation 

|co 8 (£ + t^) I = 


3 . tan(g4-i^) = 
[For example 


sin 2^ + i sinh 27 } 


cosh 277 4- cos 2^ * 

sin (f 4 - 17 ?) cos {^ — 17 }) 


cot (^ 4 - 117) = 


sin 2^ — i sinh 27 } 


tan (f 4- i'Tj) 
which leads at once to the result given.] 


cosh 277 — cos 2£ 

sin 2^ 4- sin 2177 
cos 2g 4- cos 2t77 ’ 


cos ^ cosh 77 4- i sin £ sinh 77 

4. ^(S + fV) i(eo3h2^ + coB2g y~* 

sin f cosh 77 — i cos ^ sinh 77 
= — j(cosh2,-oos2|r— 

5 . If I C08(g4- tT/) I = 1 then sin* f = sinh* 77, and if | sin (£4-177) | = 1 
then COS* £ = sinh* 77. 

6. If I COS (£4- 177) I = Ip then 

sin {am cos (£4- 17)} = ± ein* £ = ± sinh* 17. 

7. Prove that Log cos (£ 4- i'^) = A-h iB, where 

A = 41og{i(co8h277 4-co8 2£)} 
and B is any angle such that 

cos B sin B I 

cos £ cosh 77 sin £ sinh 77 -^/{^(cosh 277 4- cos 2£)}* 

Find a similar formula for Log sin (£ 4- i?;). 

8. Solution of the equation co8£= a, where a Is real. Putting 
£ = £4*177, and equating real and imaginary parts, we obtain 

cos £ cosh 77 = a, sin £ sinh 77 = 0. 

Hence either 77 = 0 or £ is a multiple of tt. If (i) 77 = 0 then cos £ = a, which 
is impossible unless — 1 < a ^ 1 . This hypothesis leads to the solution 

£ = 2 k 7 T ± arc cos a. 
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where arc cos a lies between 0 eind Jtt. If (ii) g = mn then cosh 17 = ( — 1 a 
BO that either a ^ 1 and m is even, or a ^ — 1 and m is odd. If a = ± 1 then 
7} = 0, and we are led back to our first case. If | a | > 1 then cosh?; = | a |. 
and we are led to the solutions 

2fc7r±ilog{ a + V(a®-l)} (a>l), 

(2k l)7r±ilog{-a + ^(a*- 1 )} (a< - 1 ). 

For example, the general solution of cos S = — §isS = (2k+l)7T ± flog 3. 
Solve sin f = a similarly. 


9. Solution of cosf = 0 L + iJ5, where + We may suppose /5>0, 
since the results when fi<0 may be deduced by merely changing the sign 
of f. In this cose 

cos ^ cosh 17 = a, sin ^ sinh ?/ = — /^ ( 1 ), 

cosh^ Tj sinh* 7} 

If we put cosh* 7 } = xwQ find that 

a;*-(l+a* + 7?*)x + a* = 0 
or X = (^1 ± At)^, whore 

A, = iV{(a+ + ^2 = W((a- 1)* + ^*}. 

Suppose that a>0. Then and cosh?; = A^±Ay Also 


and since cosh tj > cos ^ we must take 

cosh ?; = A-i + Aj, cos^ = ^i-‘A,. 


The general solutions of these equations are 

g = 2 A: 7 r±arcco 9 M, tj = ± log{L + V(^*- 1 )} 

where L = A^-ir A^, M = A^ - A^, and arc cos M lies between 0 and \n. 

The values of 7 and g thus found above include, however, the solutions 
of the equations 

cos^cosh 7 = «, sin^ 8 inh 7 =p K^)> 

as weU as those of the equations ( 1 ), since we have only used the second of 
the latter equations after squaring it. To distinguish the two sets of 
solutions we observe that the sign of sing is the same as the ambiguo^ 
sign in the first of the equations ( 2 ), and the sign of sinh 7 is the same as tto 

ambiguoussigninthesecond. Since/?>0, these twosignsmustbedifferent. 

Hence the general solution required is 

5= ± [arc cos Af-t log + 1)11- 

Work out the casoe in which a < 0 and « = 0 in the same way. 


H P M 


30 
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10. If/?=0theni = J|a4-l |+i|a-l I and Af = i | a+ 1 | -* | a- 1 j. 
Verify that the results thus obtained agree with those of Ex. 8. 

11. Show that if a and /? are positive then the general solution of 
sin ^ = a + i/? is 

^ = ]cn-\-{ — l)*[arc8inAf + ilog{L + ^(L®— 1)}], 
where arc sin Af hes between 0 euid \tt. Obtain the solution in the other 
possible cases. 


12. Solve tan f = a, where a is real. [All the roots are real.] 

1 3. Show that the general solution of tan ^ = a + where 0, is 


where 6 is the numerically least angle such that 

cos 6 : sin ^ : 1 : : 1 — a* — : 2(X : 1 — a* — + 4a*}. 


14. Prove that 

I exp exp (i + irj)\ = exp (exp ^ cos 17), 

R{cos cos (f + i7j)) = cos (cos f cosh 7j) cosh (sin ^ sinh 17), 
I{sm sin (f H- ii})) = cos (sin f cosh 7]) sinh (cos ^ sinh 97 ). 


15. Prove that | exp f | tends to 00 if f moves away towards infinity 
along any straight line through the origin making an angle less than \t{ 
with OX, emd to 0 if ^ moves away along a similar line making an angle 
between \tt and n with OX. 

16. Prove that | cos f | and | sin f | tend to 00 if f moves away towards 
infinity along any straight line through the origin other than either half 
of the real axis. 


17. Prove that tan^ tends to — i or to i if f moves away to infinity 
along the straight hne of Ex. 16, to — i if the line lies above the real axis 
and to i if it lies below. 


241. The connection between the logarithmic and the inverse 
trigonometrical functions. We found in Ch. VI that the integral of a 
rational or algebraical function <f>{x, a,p,...), where a, 7?, ... are constants, 
often assumes different forms according to the values of a, ; sometimes 

it can be expressed by means of logarithms, and sometimes by means of 
inverse trigonometrical functions. Thus, for example, 


L 


dx 

x*-\-a 


1 X 

; — arc tan -7- 
Va 


•( 1 ) 


/; 


1 


dx 


2yj( — a) 


log 


x-V(-o) 


* + V(-a) 


if a > 0, but 


( 2 ) 
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^ 0. These fonnulae suggest the existence of some functional connection 
between the logarithmic and the inverse circular functions. That there 
is such a connection may also be inferred from the facts that we have 
expressed the circular functions of ^ in terms of exp and that the 
logarithm is the inverse of the exponential function. 

Let us consider more particularly the equation 

dx 1 /x — a\ 

— a® 2a + 

which holds when a is real and (x — a)l(x + oc) is positive. If we could write 
ia instead of a in this equation, we should be led to the formula 

/x\ 1 , (x — ia\ 

arctan(-) = — log M- C (3), 

\aj 2% \x-^%aj 

where (7 is a constant, and the question is suggested whether, now that we 
have defined the logarithm of a complex number, this equation will not 
be found to be true. 



Now (§ 231) 

Log (x ±ia) = \ log (x^ + a^) ± + 2kTj), 

where k is an integer and (j) is the numerically least angle such that 
cos y^:8inyi:l::x:a: ^J[x^ + a^). Thus 


1 

2i 



= —<j) — l7T, 


where I ia an integer, and this in fact differs by a constant from any value 
of arc tan (xja). 


The standard formula connecting the logarithmic and inverse circular 


functions is 


arc tan x = Log 


l-^ix 
1 — ix 


.(4), 


where x is real. It is most easily verified by putting x — tani/, when the 
right-hand side reduces to 


2i 


Log 


cos y + i Bin y 
cos y — i sin y. 


2i 


.Log (exp 212/) = y + kn. 


where k is any integer, so that the equation (4) is completely true (Ex. 
xerv. 3). The reader should also verify the formulae 

arocosx = -iLogix ±i ^J(l -x^)}, arcsinx = -iLog{ix±^{l-x^)} 

(5), 


where - 1 ^ x ^ 1 ; each of these formulae also ia ‘ completely ’ true. 

Example, Solving the equation 

ooflu = a; = i(y + y^)» 
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where y = exp (iw), with respect to y, we obtain y = x ±i^J(l —x^). Thus 
u = -iLogy = -tLog{ 2 :±iV(l“a;*)}. 
which is equivalent to the first of the equations (6). Obtain the remaining 
equations (4) and (5) by similar reasoning. 

242. The power series for exp z*. We saw in § 219 that 
when 2 is real ^2 

expz = 1 + 2 + ^-t- (!)• 

We also saw in § 198 that the series on the right-hand side 
remains convergent (indeed absolutely convergent) when z is 
complex. It is naturally suggested that the equation (1) also 
remains true, and we shall now prove that this is so. 

Let the sum of the series (1) be denoted by l^(z). The series 
being absolutely convergent, it follows by direct multiphcation 
(as in Ex. lxxxi. 7) that F(z) satisfies the functional equation 


F(z^h) = F{z)F(}i) (2), 

and in particular that 

F{x + iy) = F{x)F{iy). 
x^ 

Now J’(x) = 1 +x + ^ + ... = c®, 


and „ , . V* V* •/ V® \ 

Hence F{z) = e^(co8 y -l - 1 sin y) = expz 

if z = a; -f iy. 

There is an alternative proof which is interesting because it 
does not demand a knowledge of the power series for cosy and 
siny. 

If F{iy) =f(y) then f(y + k) =f(y)f(k) and 

k k 

* It will be cx)nvement now to uao t instead of f as the argument of the ei- 
pooeutial fonction. 
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^1 1^1" 

2 ! 


where + J 


for small k, so that p tends to zero with k. Hence /(?/) is differ- 
entiable and \ -r/ \ 

^ ^ „ , f (y) = ifiy)- 

It loilows that 

9{y) =/(2/)(co3i/ - t sin 2/) 
is differentiable.* Also 

9'{y) = »/( 2 /)(cos 2 / - i8iny)-/(2/)(sin2/-t-iC03?/) = 0, 
so that g{y) is constant. Hence 

9{y) = 1 /( 0 ) = 1 
1 cos?/ + ism^ 


and f{y) = 


= COS 7/ + » sm y. 


cos y — i sin y cos- y + siu- y 

Finally F[iy) = f{y) = cos 7/ -+- 7 sin y and 

F{x-\-iy) = F(x)F{iy) = e^(cos7/ + isin7/). 

243. The power series for cos z and sinz. From the 
result of the last section and the equations (1) of § 238 it follows 
that 


Z“ z 

COS2= 1-^ + -,- 




for all values of z. 

Examples XCVII, 1. Prove that 

I cos 2 I ^ cosh I 2 1 , 1 sin 2 I ^ sinh \z\. 

2. Prove that if | 2 | < 1 then | cos 2 | < 2 and [ sin 2 | < ^ | 2 | 

3. Since sin 22 = 2 sin 2 cos 2 we have 


(22)> _ (22) 




3! 


5! 




Prove by multiplying the two series on the right-hand side (§ 202) and 
equating coefficients (§ 201) that 

/27^+ 1\ 


/2n+l\ /2n-fl\ 

I 1 /■‘‘v 3 ) 


V27J+1 


= 22" 


V^erify the result by means of the binomial theorem. Derive similar 
identities from the equations 

cos* 2 + sin* 2 = 1 , cos 22 = 2 cos* 2 — 1 = 1 — 2 sin* z. 

* The argument which followed in earlier editions contained a curious faUaoy. 
That adopted here was suggested by ilr Love. 
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4 . Show that exp {( 1 + i) 2} = 2 2 * " exp ( JnTrt) — . 

0 

6. Expand cos 2 cosh 2 in powers of 2. [We have 
cos 2 cosh 2 — t sin 2 sinh 2 = cos {(1 + i) 2} = i[exp {( 1 -|- i) 2} + exp { — ( 1+ 1) 2}] 

= + l)”}exp(in77i)~ . 

0 

and similarly 

cos 2 cosh 2 + i sin 2 sinh 2 = cos ( 1 — i) 2 


= + ( — l)"}exp( — JnTTi) — . 


Hence 


°° 2” 2^2* 2*2® 

cos 2 cosh 2 = i 2 2i”{l + ( — 1)"} cos ^nn — = 1 h 

(j nl 4 ! 8 ! 

6. Expand sin^ z and sin® z in powers of 2. [Use the formulae 

sin® 2 = i(l — cos2z), sin® 2 = J ( 3 sin 2 — sin 32 ). 

It is clear that the same method may be used to expand cos" 2 and sin” z, 
where n is any integer.] 

7 . Sum the series 

^ , cos 2 cos 2 z cos 32 ^ sin 2 sin 2 z sin 3 z 

^=‘-"-iT+- 2 -r+' 3 r+'- ®"Tr+-jr +Tr+-- 

(H.,. O + iS = i + 

= exp (cos 2) {cos (sin 2) + i sin (sin 2)}, 

and similarly 

C — iS = exp (exp ( — iz)} = exp (cos 2) (cos (sin 2) — i sin (sin 2)}. 
Hence (7 = exp (cos 2) cos (sin z), = exp (cos z) sin (sin 2).] 

^ acoaz a* cos 22 a sin 2 o* sin 22 

8 . 6 ». 

COS 2 z cos 4 z cos z cos Sz 

9 . Sum 1 ^ — + + ... 

21 41 II 31 

and the corresponding series invohdng sines. 

10 . Show that 
cos 42 cos 82 

1 H — H h . . . = i{cos (cos 2) cosh (sin 2) + cos (sin z) cosh (cos z)}. 

4 1 8 ! 

1 1 . Show that the expansions of cos {x + h) and sin {x-\-h) ia powers of 
hf found in § 162 ( 1), are valid for all values of x emd h, real or complex. 
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244. The logarithmic series. We found in § 220 that 
log(l+z) = + (1) 

when z is real and numerically less than unity. The series on the 
right-hand side is convergent, indeed absolutely convergent, when 
z has any complex value whose modulus is less than unity. It is 
naturally suggested that the equation (1) remains true for such 
complex values of z. That this is true may be proved by a modi- 
fication of the argument of § 220. We shall in fact prove rather 
more than this, viz. that (1) is true for all values of z such that 
1 2 : 1 ^ 1, with the exception of the value - 1. 

It will be remembered that log ( 1 + 2 ) is the principal value of 
Log ( 1 4 - z), and that 

log(l+z) = I* 

JcU 

where G is the straight line joining the points 1 and 1 -h z in the 
plane of the complex variable u. We may suppose that z is not 
real, since the formula (1) has been proved already for real values 
of z. 


If we put z = r{cos6 -{-isinO) = 

so that I r I ^ 1 , and u = 1 + 

then u will describe C SiS i increases from 0 to r. And 


C du r^’ 

j c J 0 1 

■j: 


+ O' 




'“iT^ 


dt 


2-o + o--+(-ir“'„7+^-^ 


Z2 ^3 

2 ‘ 3 

where 

It follows from ( 1 ) of § 170 that 

t^dt 


0 1 + 


IR 


.( 2 ), 

.(3). 




( 4 ). 
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Now I 1 + I or I w I is never less than tzr, the perpendicular from 
0 on to the line C*. Hence 

I rr 1 

IjS |<- irndt = — ^ . 

and so when m->oo. It now follows from (2) that 

l0g(l+2) = Z-|z* + i2»- (6). 

We have shown in the course of our proof that the series is 
convergent: this however has been proved already (Ex. lxxx. 4). 
The series is in fact absolutely convergent when | 2 | < 1 and 
conditionally convergent when \z \ = 1 . 

Changing z into — 2 we obtain 

z + + ( 6 ), 

for I 2 I ^ 1, 2 #= 1. 

245. Now 

log(l + 2 ) = log{(l cos ^) + ir sin 

( T sin ^ \ 

1 + r cos 6/ 

That value of the inverse tangent must be taken which lies 
between —^n and ^n. For, since 1 4-2 is the vector represented 
by the line from — 1 to 2 , the principal value of am (1 + 2 ) always 
lies between these limits when 2 lies within the circle | 2 | = If. 

Since = r^{cosmd -hi&inmd), we obtain, on equating the 
real and imaginary parts in equation (5) of § 244, 

^ log ( 1 + 2r cos (9 + r^) =t r cos 6 — cos 2^ + cos 3^ — , 

( T sin 0 \ 

^1 = rsin^ — 4r2sin25+lr®8in35-- .... 

H-rcos/9/ * * 

These equations hold when 0 g r ^ 1, and for all values of 6, except 
that, when r = I, d must not be equal to an odd multiple of n. 
It is easy to see that they also hold when — 1 ^ r < 0, except that, 
when r = — 1, 0 must not be equal to an even multiple of tt. 

♦ Since * is not real^ C cannot pass through 0 when produced. The reader is 
recommended to draw a figure to illustrate the argument, 
t See the preceding footnote. 
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A particularly interesting case is that in which r * 1. In this 
case we have 

log(lH- 2 ) = log(l + Cis^) = I log (2 H- 2 cos ^) + tare tan 

\l + cos0 

if -TT < ^ < ,7, and 80 = ^ 

cos^-^cos2(9 + ^co 8 30- ... = ^ log (4 cos^ 

sin^-i8in20 + ^8in3^-... = ^ 0 . 

The sums of the series, for other values of 6^ are easily found from 
the consideration that they are periodic functions of 0 with the 
period 271. Thus the sum of the cosine series is ^log (4 cos^ ^0) for 
all values of 0 save odd multiples of n (for which values the series 
is divergent), while the sum of the sine series is \{0—2kn) if 
(2i— l)7r<^< (2fc+ 1)71, and zero if 0 is an odd multiple of n. 
The graph of the function represented by the sine series is shown 
in Fig. 55. The function is discontinuous for 0 = (2fc+ l)7r. 



2i 


log 


i— = 2 - J2» + Iz^ - 


If 2 ia real and numerically lesa than unity, we are led, by the results of 
§241, to the formula 

arc tan 2 = z — + — ...» 

already proved in a different maimer in § 221 . 


Examples XCVIII. 1. Prove that, in any triangle in which a> 6, 

b b^ 

log c = log a — cos C — cos 2(7 — — 

(Math. Trip. 1916) 


[T7se the formula log c = J log (a* + — 2a6 cos (7).] 
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2. Prove that if — 1 < r < 1 and —^7t<6<^7t then 

r sin 2^ — Jr* sin 4^ + Jr* sin 6^ — . = d — arc tan » 

the inverse tangent lying between — Jtt and Jtt. Determine the sum of the 
series for all other values of 6. 


3. Prove, by considering the expansions of log {l-\-iz) and log (l—iz) 
in powers of z, that if — 1 < r < 1 then 

r sin ^ + Jr* cos 2^ — Jr* sin 3^ — Jr* cos 4^? + . . . = Jlog(H- 2rBin^ + r*), 

f cos ^ -I- Jr* sin 20 — Jr* cos 3^ — Jr* sin 40-\- ... = arc tan f , 

\ 1 — r sin 0/ 

^ . / 1 + 2r sin 0 + r*\ 

rsini?-ir«sm3^+... = ), 

_ ^ /2rcos^\ 

r cos 0 — Jr* cos 30+ ... = J arc tan ( j , 

the inverse tangents lying between — Jtt and Jtt. 


4. Prove that 

cos 0 cos ^ — J cos 20 cos* ^ + J cos 30 cos* 0 — ... = J log (1 + 3 cos* 0), 

sin ^ sin ^ — J sin 2^ sin* ^? + J sin 3^ sin* 0 — ... = arc cot ( 1 + cot 0 + cot* 0), 

the inverse cotangent lying between — Jtt and Jtt; and find similar ex- 
pressions for the sums of the series 

cos 0 sin 0 — i cos 20 sin* (9 + . . . , sin 0 cos ^ — J sin 20 cos* 0+ .... 


246. Some applications of the logarithmic series. The 
exponential limit. Let z be any complex number, and h a real 
number small enough to ensure that \ hz\<\. Then 

log (1 + Az) = hz — \{hzY + \QizY — 


and so 


log(l+/i 2 ;) 

h 


Z + (l){h, z), 


where (f>(h, z) = — V — V + . . . , 

l^(A,2)|g|Az21(i + !A2| + i;^=>z^| + ...) = 

SO that (^(h, 2 )-> 0 as 0. It follows that 
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If in particular we suppose h = where n is a positive 
integer, we obtain 

andso -_l™e!<pj«Iog(l + 5))-«p2 ...(2). 

This is a generalisation of the result proved in §216 for real 
values of z. 

From (1) we can deduce some other results which we shall 
require in the next section. If t and h are real, and h is sufficiently 
small, we have 

\og{l+tz-^hz)-\og(l^tz) 1 / hz \ 

J 

which tends to the limit z/(l + tz) when ^->0. Hence 

( 3 ). 

We shall also require a formula for the differentiation of 
(1 -\~iz)^, where m is any number real or complex, with respect 
to t. We observe first that, if (j){t) = + is ^ complex 

function of t, whose real and imaginary parts (p{t) and x(^) 
differentiable, then 

~ (exp = {(cos X + » sin x) exp f) 

= {(cos x + i sin x) + ( - sin ;\; + i cos x) X'l c^P ^ 

= (V^' + ) (cos X + ^ sin exp f 

= {f + ix) if + ix) = ^'exp9i, 

so that the rule for differentiating exp ^ is the same as when (j) is 
real. This being so we have 

^(l + te)™ = ^exp{Tnlog(l + fz)} 

= -^^^exp{mlog(l + tz)} = mz{\-\-tz)'^~'^ •••(4)- 
Here both (1 + tz)"* and (1 +12)"*“* have their principal values. 
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247. The general form of the binomial theorem. We 

have proved already (§ 222) that the sum of the series 


1 + 



2 ^+.. 


is (1 + z)”* = exp {m log (1 + z)}, for all real values of m and all real 
values of z between — 1 and 1. If is the coeflScient of z^ then 




\m-n \ 
n+l ’ 


whether m is real or complex. Hence (Ex. lxxx. 3) the series is 
always convergent if the modulus of z is less than unity, and we 
shall now prove that its sum is still exp{mlog (1 -|-z)}, i.e. the 
principal value of (1 +z)"*. 

It follows from § 246 that if t is real then 
d 

— ( 1 -f tz)^ = mz( 1 -f /z)^-^ 


2 and m having any real or complex values and each side having 
its principal value. Hence, if <f>{t) = (1 + tz)^, we have 

^(n)(^) _ m{m— 1) ... (m — + 

This formula still holds if ^ = 0, so that 


n\ 





It follows from (1) and (2) of § 167 (if we remember the remark 
made at the end of § 170) that 

,5(1) = 0(0) + 0'(O) + + ... + 


where 


(n-l)l 


We write z = r(co8 6^ -fi sin 0), mi=/x + tV, 
and determine an upper bound for 
We have on the one hand 

I <2, 
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and on the other 


I 1 + I = <^( 1 + 2<r cos 6 + >1 — 

while —TT^ am (1 + ^ 2 ) ^TT. Also 

I (1 4-^2)”'“^ I = exp {{[i— 1) log 1 1 + ^2 I — am ( 1 4 -^ 2 )} 

I 1 4-^2 

The first factor here does not exceed 2f*~^ if /^> 1, or (1 — 
if/^< 1; and the second does not exceed e"'*'!. Hence | (14-/2)’”“^| 
has an upper bound K independent of t (and n); and therefore 


l^»l = (— Yy-, hi 




<K 


Tn{m— !)...(»» — n+1) 


dl 

V 1-^"-^ 


(n-l)I 
Finally 1 — <r > 1 — so that 




dt^ 


R^\<K r 


= Pn> 


say. But 


Pn+i _ Im-n 

pn n 


r-^r, 


and so (Ex. xxvn, 6) -> 0. Hence 0, and we arrive at the 

following theorem. 

Theorem. The sum of the binomial series 



is exp {m log (1 4-2)}, where the logarithm has its principal value^ 
for all values of m, real or complex, and aU values of z such that 
\z\<l. 

A more complete discussion of the binomial series, including 
the more diflScult case in which | 2 | = 1, wiU be found on pp. 287 
^t seq, of Bromwich’s Infinite series (2nd edition). 
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Examples XCIX. 1. Suppose m real. Then since 


log ( 14- 2 ) = i log ( 1 4- 2r cos ^ 4- r*) 4- i arc tan ( ) , 

V 1+ r cos OJ 

we obtain 


2 ^ =. exp {Jtnlog (1 -h 2rcos^4-r*)} Cis |m arc tan 

= ( 1 4- 2r cos d 4- Cis arc tan ( ^ 1 , 

i \l4-rcos(9/J 

all the inverse tangents lying between — J/r and In particular, if we 
suppose d = Jtt, z = ir, and equate the real and imaginary parts, we obtain 


( )r — ( )^^4-( I r® — .. . = (H-r2)i'”sin (marc tanr). 

\1/ \3/ \5/ 

2 . Prove that if 0 ^ r < 1 then 

2.4 2 . 4 . 0.8 ■■■ V 1 2 (l+r») J’ 

1 _1.3.5 , 1.3. 6. 7. 9 

2^~2T.'6^ ''’2.4T^.~87i6’' \ 2(i + r>) i ‘ 

[Take m = — ^ in the last two formulae of Ex. 1.] 

3. Prove tliat if — Jtt < ^ < Jtt then 


/m\ 


(m\ 


)r2 + | 


\2/ 

V 4/ 

fm\ 


/m\ 

r — ( ] 

|r’ + ( 

) 

\^) 

\6l 


cos mO = cos"^ ^ i 1 ■ 


sin mO = cos”* 6 




tan® ^4- •• 


for all real values of m, [These results follow at once from the equations 
00 s mO -h i sin md = (cos 0 + i sin 0)"* = cos”* 0 (l+i tan 0}^.] 

4. We proved (Ex. lxxxi. 6), by direct multiphcation of series, that 
f(myZ) = 27 z", where | z | < 1, satisfies the functional equation 

f(m,z)f(m\z) =:/(m-f m',z). 

Deduce, by on argument similar to that of § 223, and without assuming 
the general result of p. 477, that if m is real and rational then 
J(m, z) = exp [m log ( 1 + z)}. 

6. If 2 and fi are real, and — 1 < 2 < 1, then 

~ co 8 {/Alog(l 4 - 2 )} + »sin{yilog(l-f 2 )}. 
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MISCELLANEOUS EXAMPLES ON CHAPTER X 

1. Show that the real part of iiogd-o jg 

c*<^*+i)^*co8{J(4fe4- 1)77 log 2}, 
where k is any integer. 

2. If a cos d-\-h sin ^ + c = 0, where a, 6, c are real and > a* + 6*, then 

0 = m77-fa + ilog — - — ^ \ 

where m is any odd or any even integer, according as c is positive or 
negative, and a is an angle whose cosine and sine are o/^(a® + 6*) and 
6/V(a* + 6«). 

3. Prove that if z = and r< 1, then the imaginarj'^ part of 

log ( 1 + tz) — log (l—iz) 

(where the logarithms are principal values) is that value of 

/2roosd\ 


:roo3U\ 
l-r^ ) 


arc tan ( 

which lies between — ^77 and ^77. 

4. Show that if x is real and A = a + 16, then 
d 


dx 


exp ^ exp expAxdx = 




(Math, Trip, 1916) 

oxp^jf 

“.r • 


Deduce the results of Ex. Lxxxvin. 6. 


roo 1 

5. Show that if a > 0 then / exp { — (a + ih) x} dx = 7- , and deduce 

7 0 a + ih 


the results of Ex. LXXxvin. 6. 


6. Show that if (xja)^ -f- iylb)^ = 1 is the equation of an ellipse, and/(x, y) 
denotes the terms of highest degree in the equation of any other algebraic 
curve, then the sum of the eccentric angles of the points of intersection of 
the elhpse and the curve differs by a multiple of 277 from 

-i{log/(a,t6)-log/(a, -ib)}. 

[The eccentric emgles are given by /(a cos a, 6 sin a) + ... = 0 or by 

where u = exp ict; and Ua is equal to one of the values of — i Log P, where 
P is the product of the roots of this equation.] 

7 . Determine the number and approximate positions of the roots of the 
equation tan z = oz, where a is real. 
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[X 


[We know already (Ex. xvn. 4) that the equation has infinitely meiny 
real roots. Now let z = x + iy, and equate real and imaginary parts. We 
obteun 

sin 2x sinh 2y 

= ax, = cty, 

cos 2x -f cosh 2y cos 2x -f- cosh 2y 

BO that, unless x or y is zero, we have 

sin 2x sinh 2y 

2x 2y * ^ 

This is impossible, the left-hand side being numerically less, emd the right- 
hand side numerically greater than unity. Thus x = 0 or y = 0. If y = 0 
we come back to the real roots of the equation. If x = 0 then tanh y = ay. 

It is easy to see that this equation has no real root other than zero if a ^ 0 
or o ^ 1 , and two such roots if 0 < a < 1 . Thus there are two purely imaginary ^ 
roots if 0 < a < 1 ; otherwise all the roots are real.] 


8. The equation tan z = oz -f- 6, whore a and 6 are real etnd h is not equal 
to zero, has no complex roots if a ^ 0. If o > 0 then the real ports of all the 
complex roots are numerically greater than | 6/2o |. 

9. The equation tan z = a/z, whore o is real, has no complex roots, but 
has two purely imaginary’ roots if o < 0. 

10. The equation tan z = o teinh cz, where o eind c are real, has an infinity 
of real and of purely imaginary roots, but no complex roots. 

1 1 . Show that if X is real then 


«®*COS&X = 2 ~J ja”— ' 

where there axe J(n-|“ 1) or i(n-f 2) terms inside the large brackets. Find 
a similar series for c®*8in bx. 


12 . 

13. 


K n<f>(z, n) -► z as n 00 , then {1 -f- ^(z, n)}" -> exp z. 

If <l>{t) is a complex function of the real variable t, then 

dt <(>(t) 


[Um the formulae 

^ = + ix, log ^ = 1 log (v!^* + ;\:*) + 1 are tan (xl^)-] 


( 


14. Transformations, In Ch. Ill (Exs. xxi. 21 ei seq., and Miso. Exs. 
22 et aeq.) we considered some simple examples of the geometrical relations 
between figures in the planes of two variables z, Z connected by a relation 
% sf{Z), We shall now consider some oases in which the relation involves 
logarithmic, exponential, or circtilar functions. 
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Suppose first that 


ttZ, a 

z = exp — , Z = - Log z, 
a TT 


where a is positive. To one value of Z corresponds one of z, but to one of z 
infinitely many of Z. If x, y, r, 0 are the ooordinatea of z, and X, F, Q 
those of Z, we have the relations 


X = e cos — , y = sin — , 
a o 

Z = -logr, F = — + 2Aki, 

TT 77 

where k is any integer. If we suppose that —7T<0^7T, and that Log z has 
its principal value log z, then A: = 0, and Z is confined to a strip of its plane 
parallel to the axis OX and extending to a distance a from it on each side, 
one point of this strip corresponding to one of the whole z -plane, and con- 
versely. By taking a value of Logz other than the principal value we 
obtain a similar relation between the z-plane and another strip of breadth 
2a in the Z-plane. 

To the lines in the Z-plane for which X and F are constant correspond 
the circles and radii vectorea in the z-plane for which r and d are constemt. 
To one of the latter lines corresponds the whole of a parallel to OX, but 
to a circle for which r is constant corresponds only a port, of length 2a, of 
a parallel to 0 F. To make Z describe the whole of the latter line we must 
make z move continually round and round the circle. 

16. Show that to a straight line in the Z-plane corresponds an equi- 
angular spiral in the z-plane. 


16. Discuss similarly the transformation z = ccosh (ttZ/o), showing in 
peLrtioulEkr that the whole z -plane corresponds to any one of an infinite 
number of strips in the Z-plane, each parallel to the axis OX and of 
breadth 2a. Show also that to the line X = Xq corrosponds the eUipso 

/ ^ ]•, f y i* = 1, 

Iccosh (7rXo/a)J \c8inh(77 XJa)i 


and that these ellipses, for different values of Xq, form a confocal system; 
and that the lines F = Fq correspond to the associated system of confocal 
hyperbolas. Trace the variation of z as Z describes the whole of a line 
Z = Zg or F = Fq. How does Z vary as z describes the degenerate ellipse 
and hyperbola formed by the segment between the foci of the confocal 
system and the remaining segments of the axis of x ? 


17. Verify that the results of Ex. 16 are in agreement with those of 
Ex. 14 and those of Ch. Ill, Miso. Ex. 26. [The transformation 

g = c cosh — 

a 


H P M 


31 
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may be regarded as compounded from the transformations 

1 / 1 \ ttZ , 

18 . Discuss similarly the transformation z = c tanh (/rZ/a), showing 
that to the lines X = Xq correspond the coaxal circles 

{x — ccoth ( 277 ’Xo/a))*-|-i/* = c^coBoch* (2nXJa), 
and to the lines Y = Yq the orthogonal system of coaxal circles. 

19. The stereographic and Mercator’s projections. The points 
of a unit sphere whose centre is the origin are projected from the south 
pole (whose coordinates are 0, 0, — 1) on to the temgent piano at the north 
pole O. The coordinates of a point on the sphere are 97, and Cartesian 
axes OX, OY are taken on the tangent plane, parallel to the axes of ^ 
and 7], Show that the coordinates of the projection of the point are 

2v 

and that x + it/ = 2 tan ^6 Cis 96, where (f> is the longitude (measured from 
the plane 97 = 0) and 6 the north polar distance of the point on the sphere. 

This projection gives a map of the sphere on the tangent plane, generally 
known as the atereographic projection. If now we introduce a new complex 

variable Z = X + iY = -ilog^z = - ♦ log i(x + tj/), 

SO that X = ^, y = log cot we obtain another map in the plane of Z, 
usually called Mercator' a projection. In this map parallels of latitude and 
longitude are represented by straight lines parallel to the axes of X and 
Y respectively. 

/Z — a\ 

20 . Discuss the transformation given by the equation z = Log ( , 

showing that the straight lines for which x and y are constant correspond 
to two orthogonal systems of coaxal circles in the Z-plane. 

21. Discuss the transformation 


showing that the straight lines for which x and y are constant correspond 
to sets of confocal ellipses and hyperbolas whose foci axe the points Z = a 
and Z = 6 . 

[We have ^(Z-a) + ^J{Z-b) = ^(b-a)eTp{x-\-iy), 

^{Z-a)-^(Z-b) = ^{b-a)exp{-x-iy); 
and it will be found that 

I Z-ol-l-l Z- 6 | = | 6 -a|cosh 2 x, |Z-o|-lZ- 6 | = |6-a|oo8 2 y.] 
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22. The transformation z = If z = Z*, where the imaginary 
power has its principal value, we have 

exp (log r + id) = 2 = exp (i log Z) = exp (i log R - 9), 

so that logr = —0,0 = log R -f 2k7r, where ^ is an integer. Since all VEilues 
of k give the same point 2 , we may suppose that A; = 0, when 

logr = -©, 0 = logR (1). 

The whole plane of Z is covered when R varies through all positive 
values of 9 from — tt to 77 : then r has the range exp ( — tt) to exp n Eind 0 
ranges through all real values. Thus the Z -plane corresponds to the ring 
bounded by the circles r = exp ( — tt), r = exp n; but this ring is covered 
infinitely often. If however 0 is allowed to vary only between — tt and n, 
so that the ring is covered only once, then R can vary only from exp ( — tt) 
to exp 77, 80 that the variation of Z is restricted to a ring similar in all 
respects to that within which z varies. Each ring, moreover, must be 
regarded as having a barrier along the negative real axis which z (or Z) 
must not cross, since its amplitude must not transgress the limits —77 
and 77 , 

We thus obtain a correspondence between two rings, given by the pair 
of equations 

z= Z\ Z = z-S 

where each power has its principal value. To circles whose centre is the 
origin in one plane correspond straight lines through the origin in the 
other. 

23. Trace the variation of z when Z, starting at the point exp n, moves 
round the larger circle in the positive direction to the point — exp 77 , along 
the barrier, round the smaller circle in the negative direction, back along 
the barrier, and round the remainder of the larger circle to its original 
position. 

24. If z = Z', any vadue of the power being taken, and Z moves along 
an equiangular spiral whose pole is the origin in its plane, then z moves 
along an equiangular spiral whose pole is the origin in its plane. 

25. How does Z = z®*, where a is real, behave m z approaches the origin 
along the real axis 7 [Z moves round and round a circle whose centre is the 
origin (the unit circle if has its principal value), and the re£d and 
imaginary parts of Z both oscillate finitely.] 

00 

26. Show that the region of convergence of a series of the type 2 0 |,z"“‘, 

— QO 

where a is real, is an angle, i.e. a region bounded by inequalities of the typo 

< am z < [The angle may reduce to a line, or cover the whole plane.] 

Si-z 
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27. Level curves. If f{z) is a function of the complex variable z, we 
call the curves for whidh | f{z) | is constant the level curves of f{z). Sketch 
the forms of the level curves of 

z — a (concentric circles), (z — a)(z — h) ( Cartesian ovals), 

(z-‘a)j(z — b) (coaxal circles), expr (straight lines). 

28. Sketch the forms of the level curves of (z — a)(z — b) (z — c). 

29. Sketch the forms of the level curves of (i) zexpz, (ii) sinz. [See 
Fig. 66*, which represents the level curves of sinz. The curves marked 
I— vni correspond to ifc = ‘SS, *60, *71, 1-00, T41, 2 00, 2-83, 4 00.] 

30. Sketch the forms of the level curves of exp z — c, where c is a real 
constant. [Fig. 67 shows the level curves of | expz— 1 |, the curves i-vn 




corresponding to the values of k given by log k = — 1-00, — *20, — -05, 0 00, 
•05, -20, 1-00.] 

31. The level curves of sinz — c, where c is a positive constant, are 
sketched in Figs. 68, 69. [The nature of the curves differs in the two 
cases c< 1 and c> 1. In Fig. 58 we have token c = *6, and the curves 
i-vm correspond to k = -29, -37, -60, -87, 1*60, 2-60, 4-60, 7-79. In Fig. 59 
we have taken c = 2, and the curves i-vn correspond to A; = *68, 1 00, 1-73, 
3*00, 6-20, 9*00, 15-69. If c = 1 then the curves are the same as those of 
Fig. 66, except that the origin and scale are different.] 

32. Prove that if 0 < ^ < 77 then 

COB cos 3^ + 1 cos 6^ 4- . • . = i log cot* \d, 
sin 0 + \ sin 3^ + ^ sin 6^ -I- . . . = Jtt, 

* The figures were drawn for me by Mr (now Prof.) E. H. Neville when an 
undergraduate. 
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and determine the sums of the series for all other values of 0 for which they 
are convergent. [Use the equation 

where * = cos <9 + i sin 0. When 6 is iucreased by n the sum of each series 
changes its sign. It follows that the first formula holds for all values 
of 6 save multiples of n (for which the series diverges), while the sum of 
the second series is Jtt if 

2k7r<d<{2k-{- l)n, 

-jTTif (2k+l)7T<d<(2k+2)7T, 

and 0 if ^ is a multiple of n.] 



for all real d. (Math, Trip, 1932) 


34. Prove that if 0 < ^ < ^77 then 

cos ^ J cos 3^? + i cos bd— ... = Jtt, 
sin d~-\ sin 3^ ^ sin 56? — . . . = J log (sec d + t€m 6)*\ 

and determine the sums of the series for all other values of 0 for wliich 
they are convergent. 

36. Prove that 

cos^cosa-h JcoB2^oo8 2a4- Joos3^oos 3a + ... = — J log{4(oos^--oosa)*}, 
unless ^ — aor^ + aiaa multiple of 2n. 
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36. Prove that if neither a nor 6 is real then 


^ - - 
Jo (x-a)(x-b) 


log(-o)-log(-6) 

a-b 


each logarithm having its principal value. Verify the result when a = Ci, 
6 = — ct, where c is positive. Discuss also the cases in which o or 6 or both 
ore real and negative. 

37. Prove that if a and j9 are real, and j9>0, then 


What is the value of the integral when < 0 ? 


38. Prove that, if the roots of Ax^ -f 2Bx -f C = 0 have their imaginary 
parts of opposite signs, then 



dx ni 

Ax^ + 2Bx-\-C^ \j(B^-ACy 


the sign — AC) being so chosen that the real part o^{yj(B^ AO)}! Ai 

is p>ositive. 



APPENDIX I 

The inequalities of Holder and Minkowski 


There are three inequalitiea which are particularly important in analysis, 
the theorem of the arithmetic and geometric means and Holder’s and 
Minkowski’s inequalities. The first of these is needed in a more general 
form than that of p. 34: the other two can then be deduced from it. 

In what follows all letters denote (strictly) positive numbers. We 
can prove as on p. 34* that 


01 + 02+ ...-l-a. 


>(aia2...o„)Vr. 


( 1 ) 


unless all the a are equal (in which cose the two means are equal). If we 
suppose that they fall into m groups of equal numbers, being equal to 
Oi, p, to Oj, and so on, so that 


then (1) becomes 


= n, 

5i Oi + g j o, + . . . + > a\^ oj* 


where 






Pl+Pa+ ••• +J>m 


.(2). 

( 3 ). 


so that 


+ ?i + ... + 5^ = 1 


(4). 


Here again the inequality reduces to an equality when all the o are equal. 

Conversely, if gi, g,, ..., are any positive rational numbers whose 
sum is 1, we con reduce them to a common denominator and write them 
in the form (3), when (2) reduces to a case of (1). 

We shall now prove that (2) is true (unless all the a ore equal) for all 
real g whose sum is 1. In other words, we shall remove the restriction that 
the g are rational. We shall call this theorem the ‘general theorem of the 
means and refer to it os or simply aa O. The proof will bo independent 

of what precedes. 

We can reduce the proof to a proof of the special cose O,. For suppose 
that m > 2, and that haa been proved for k = 2, 3, . . ., m — 1. Let 


gi+ga + ...+gm-i = 

so that ^ 1 ; 

and write q[ = gi/g, .... q'm-i = 

BO that + + = 1* 

* We did not actually prove quite so much, but the argument needs only slight 
changes. It is unnecessary to state these in detail, since (1) is included in (2) and 
we give an independent proof of (2). 
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o!‘--oSr--i'aS" = {al' 

^ 3(9l “i + • • • + 9m-i «m-i) + 9m 


= 9i“i + 9»“»+---+9ma«. 

by G, and G„_i. There is inequality in the second line unless 

“i • • • ^m-1 ““ “'m» 

and in the third unless = a, = ... = o^_i; and therefore there is 
inequality somewhere unless = a, = ... = o„_i = o„. Hence is true 
for k •=. m, Euid therefore it is true generally. 

It remains to prove G,. Changing the notation, we can write as 

<aa + (1 — a) 6 ( 0 <a<l) ( 5 ) 


(unless a = b). We may plainly suppose, without loss of generality, that 
6>o. Then ( 5 ) is 

< ( 1 — a) (6 — o) a~* (6). 


But, by the Mean Value Theorem (p. 242 ), 

— a^~* = ( 1 — a) (6 — a) 

where a<f<6, and this gives (6), since — «<0 and so This 

proves (?2 ^m* 

We can also write the general inequality in a form like ( 5 ), viz. 

( 7 ), 

where a + fl + \ = 1. 

One question may occur to the reader; can we not deduce the general 
theorem, by a limiting process, from the special case in which the q are 
rational? We can approximate to each by a sequence of rationals 

gj*’’ in such a way that 

^ 9 'r+ 9 ‘;’+-+ 9 m‘ = 1. 

for each r, and 5^''’ for each v, when r -► 00. Then 

g'Ooi + + . . . + > a"/' (8) 

for each r, and the two sides of (8) tend to those of (2) when r -► oo. 

This argument would suffice if we were content to prove ( 2 ) in the less 
sharp form in which ‘>* is replaced by But *>’ degenerates into 

when r->cx): and imply only x'^y and not 

necessarily x>y. The difficulty can be overcome (see Inequalities , p. 18 ), 
but at the cost of a little ingenuity, and we prefer to follow a more direct 
course. 

The inequality (6) is one of those proved, in § 74 , with the restriction 
that a is rational. The reader will find it instructive to prove that all the 
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inequalities of §74 are true for general, not necessarily rational, indices. 
This would plainly have been impossible in § 74, since is not deiSned, 
for irrational a, until § 214. 

There is emother interesting way of looking at Q^. Since 


. 1 ^ 
-logx = --<0. 


the function log a; is concave (i.e. its graph has everywhere negative curva- 
ture), and all chords of the curve y = \ogx lie below the curve. If P is 
(a, logo) and Q is (6, log 6), then the point R which dividas PQ so that 

a. PR = (l^a)RQ 

has abscissa cca -f ( 1 — a) 6 and ordinate a log o + ( 1 — a) log b. Hence 
a log a + ( 1 — a) log b < log {aa -f ( 1 — a) 6}, 

which is (6). 


Hdlder^s inequality (H) 
If k>\ and k' = kl(k— 1), so that k'> I and 


1 1 


(9): 


and a^, a,, ...» a„ and b^, 62, 6^ are two sets of positive numbers; then 

n In \ V* / n \iyk' 

2 2 a™ 2 K] (10). 

m-1 \m-=>l / \?/i— 1 / 


There is inequality unless the sets (a) and (b) are proportional, i.e. unless 
a^jb^ is independent of m. 


This is a corollary of (5). Since each side of (10) is homogeneous (of 
degree 1) in both the a and the 6, we may suppose without loss of generality 


that 


Pa = 1, P6 = 1 


(11). 


If also we write a for 1 jk and ^ for Ijk', so that a + = 1, and replace a 

and b by a“ emd 6^, then (10) becomes 

Pa“6^^(Pa)*(P6)/^ (12). 

But, by (6), 2:a<^i0<2:(aa + ph) = a + ^= 1 = (EaY(rb)P. 

There is inequality unless a„^ = b^ for ©very m; and therefore, when we 
drop the conditions (11), unless a^jb^ is independent of m. 

More generally ...l>^<(EaY(Sb)P ... (El)^ (13) 

if a + /? + ... + A=l (14), 

unless the sets (o), (6), ..., (1) are all proportional. This may be deduced 
from (7) as we deduced (12) from (6), or by induction from (12) itself. 
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^= 21 + 
Im-l 


Minkowahi'a inequality (AT) 

lfk>\ anda^.a^y ...^a^andb^y 6,, are two aeta of positive numberay 

f n )Vk / n \l/k / n \Vk 

2 (an. + fcj‘ ^ S + S fern (15). 

lm-1 ) \m-l / \m-l / 

There is inequality urUeaa the sets (a) and (b) are proportional. 

This may be deduced from (10). We write 

)»P = {i:(a + 6)*}i/* 

(dropping the suffixes). Tiicn 

S = Za(a + 6)‘~^ + Zb{a + 6)*~^ 

Applying (10) to each term on the right, and observing that (k—\)k' = ky 
we obtain ^ ^ (2:a*)‘/* {2:{a + 6)*}*/*' + {r(a + 

and (16) follows when we divide by There is inequality unless each 
of (a) and (6) is proportional to (o + 6), i.e. unless (a) and (6) are pro- 
portional. 

There is a useful companion inequality (in the opposite direction). 
Suppose that a-f 6 = 1. Then a< 1, 6< 1 and so (since ^*> 1) o*<a, 6* <6 

o* + fc»<o + 6 = 1 = (o + 6)‘ (16). 

Since both sides of the final inequality are homogeneous (of degree k), 
it is true generally (without the restriction o + 6 = 1). It follows that 

Z{a-^b)*>Za^-j-Zb^ (17). 

There are no cases of equality when (as we have assumed throughout) 
the a and b are strictly positive. 


Miscellanaoua remarks on the inequalities 
When A: = 2, A:' = 2, and H reduces to 

(Zah)^<Ea^Eb^, 

Cauchy’s inequality (p. 34). If we suppose that A; = 2 and n = 3 in 3f, 
and take the sots (a) and (6) to be Xi, y^y and Xj, y^y 2 ,, it becomes 

^{(*1 + a;,)* + (Vi + J/i)’ + (zi + *»)’} < V(*? + !/? + 2?) + + J/5 + 23)- 

This expresses the fact that one side of the triangle whose vertices are 
(0, 0, 0), (Xj, y^y Zt), { — x^y — 2 /,, — 2 ,) is less than the sum of the other two. 
The inequality reduces to equality when x^y y^y are proportional to 
x^y 2 /|, 2 ,, that is to say when the triangle degenerates. In general, M 
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extenda the * triangle inequality’ to a space of n dimensions in which the 
distance between two points P, is defined as 

The inequality (7) of p. 33 is a corollary of H, since 

(Za)^ = iZa.l)^<Za^(Zl)^^' = 

But (6) of p. 33 is not deducible from any of the inequalities proved here, 
and is in fact a case of em inequality of a different type, Tchebychef ’s 
inequality: see Inequalities ^ p. 43. 

When k is rational, H and M are algebraical theorems, and it is desirable 
that the proofs should also be algebraical, i.e. that they should not depend 
on limit processes of any kind. Such proofs will be found in Ch. 11 of Jn- 
equalities (where many analogues and extensions of the theorems are also 
discussed). If A; is irrational, x* is not an algebraical function; and then 
there can be no question of an algebraical proof. In this book, for example, 
x* was defined els exp {k logx), and it is natural that the proofs which we 
have given should depend on the processes of the calculus and the theory 
of the logarithmic and exponential functions. 
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The 'proof that every equation has a root 

The theorem that ‘every algebraical equation has a root* is usually called 
‘the fundamental theorem of algebra’, but it belongs more properly to 
analysis, since it cannot bo proved without appeal somewhere to con- 
siderations of continuity. It may be worth while to give a sketch of the 
two most familiar proofs. 

(A) The first is a natural development of the ideas of Chs. Ill and X. Let 
Z =J(z) = ajZ" + ai2’>-i + ... + o, 

be a polj'Tiomial in z with real or complex coefficients. We may assume 
that Gq ^ 0. 



Fig. A Fig. B 


Suppose that z describes a closed path y in the z-plane: actually, y will 
always be a square, with sides parallel to the axes, described in the posi- 
tive direction. Then Z describes a closed path Pin the Z-plane. We may 
assume, for our present purpose, that Pdoes not pass through the origin, 
since to suppose that it did, at any stage of the argument, would be to 
admit the truth of the theorem. 

To any value of Z correspond an infinity of values of am Z, differing 
by multiples of 277’, and each of these values varies continuously as Z 
describes F*. W© choose a particular value of am Z (say the value for 
which --;T<am Z^tt) corresponding to the initial value of Z, and follow 
its variation along P. We thus define a value of am Z (which we call simply 
am Z) corresponding to each Z on P. 

* It is here that we use the assumption that P does not pass through the origin. 
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When Z returns to its original position, am Z may be unchanged or 
may differ from its original value by a multiple of 27r. Thus if F does not 
enclose the origin, like (a) in Fig. B, am Z will be unchanged; but if F 
winds once round the origin in the positive direction, like (6), amZ will 
have incre€ised by 27r. We denote the increment of am Z when z describes 
y by d(7). 

Suppose first that y is the square S, of side 2i?, defined by the lines 
X = ± Rt y ~ ± R. Then | 2 | ^ i? on *5. We can choose R so large that 




;<i. 


and then Z = Ot,r"| I +-^ + j = Oo2"(l+i/), 

where 1 17 | < J at all points of S. The amplitude of 1 -f- 97 is plainly unchanged 
when z describes S, and that of 2" is increased by 2mT. Hence that of Z 
is increased by 2n77. i.e. A(S) = 2n7T. All that we shall actually need to 
know is that Zl(*S')9tO. 

The square S is divided into four equal squares #5^^, of 

side R, by the coordinate axes. We can take any one of these for y, and 
assume again that the corresponding F does not pass through the origin. 

J(5) = d(5i'') + ^('5i’>) + d(Si’') + ^('Si‘>) (1). 


For if z describes each of \ ... in turn, it will (see Fig. A) have described 

each side of S once, and each side Z of a smaller square which is not part 
of a side of *5 twice in opposite directions, and the two contributions of I 
to the sum (1) will cancel one another. Since one at least of 

... is not zero; we choose the first which is not, and call the square 
thus chosen S^. Then ^(51) 0. 

We now divide into four equal squares by parallels to the axes, and 
repeat the argument, thus obtaining a square of side ^R, for which 
Continuing the process, we obtain a series of squares 

^1. •■•f of sides 2i?, R, Ji?, each lying inside the 

one which precedes, and with ^ 0 for every n. 

If the south-west and north-east corners of are and (a:',t/^), 

so that = y'^-y^ = 2-^^^R, then (xj and (?/„) are increasing 

aequences and and (t/^) decreasing sequences; and x'^ tend to a 
common limit and and to a common limit y^. The point (xo»2/o)» 
or P, lies in, or on the boundary of, every Given any positive we 

can choose n so that the distance of every point of *5,, from P is less than S, 
Hence P has the property that, however small be S, there is a square 


* There is nothing in the argument so far to show thst it does not lie on the 
boundary of 3 , though it will appe&r later that it cannot. 
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containing P, and with all its points at a distance from P less than 
for which J(iS«) ^ 0. 

We can now prove that 

/(2o) =/(^o + ^2/o) = 9. 

For suppose that f(z^) = c, whore |c| = p>0. Since /( xq - fit/o) i® ^ con- 
tinuous function of Xq and i/q, we con choose n large enough to make 


l/(2)“/(2o)l<J/> 

at all points of *5,. Then 

Z =/(^) = c + o- = c(l+?7), 


where | O’ | < Jp, | ^ | < at all points of S^. It follows that am Z is un- 
changed when z describes a contradiction. Hence /(Z q) = 9*. 

(B) Our second proof depends on an extension to functions of several 
variables of the results of §§ 103 ei 8tq. 

We define, as in § 103, the upper and lower bounds of a function F(x, y) 
in the domain D boimded by a square such as S» Wo can prove (much as 
in the last paragraph of § 106f ) that a continuous function attains its 
upper and lower bounds in any such domain D, 

F(x,y)=\f{x + iy)\ = \J[z)\ = \Z\. 


Then F(x,y) is continuous cmd non-negative, and has a non-negative 
lower bound m in D, which is attained at some point of D, It is easy to 
see that, if 2? is large, Zq lies inside 

Suppose that m> 0. If we put z = Zo + and reeuronge /(z) in powers 


of we obtain 




where -4,, ..., are independent of Let A^ho the first of these 
coefficients which is not zero, and write 

/(Zo) = me*M, A^ = f 

We can suppose p small enough to ensure that ap^<m and 
Then f(z) = + 


* And 80, incidentally, z^ is not on S, since Z is large at all points of S, 
t The first proof of § 105 depends on a Dodekind section, and has no analogue 
in two dimensions. 

X For suppose (putting in evidence the dependence of 8, D, m, and on R) 
that fn^(R) and Zo(i?) correspond to S(R) and D{R)-, then z^iR) might (so far as ite 
definition shows) lie on S{R). However, given R^, we can choose R^ so that | Z | is 
greater than J|aj|i? 2 , and so certainly greater than »n(i?i), at aU points on and 
outside S(Rf); and then Zq(R) lies inside 5(i?|), and so certainly inside S(R), for 
Actually, m(R) and Zg(i?) ore, from a certain R onwards, independent of R. 
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wher® I ^ I < We choose <p so that 

a + A:^ = li + n (2), 

and then f(z) = e‘/*{m - ap^ + ge-^f^}, 

|/(z)l = \m — ap^ + ge'^f^\^m — ap^-\~\g\<m — \ap^<m, 
a contradiction. It follows that m = 0, i.e./(zo) = 0. 

When we choose ^ so as to satisfy ( 1 ), we are in effect solving the equation 

In other words, wo are using the feuit that an equation of the special form 

2 "-c = 0 (3) 

has always a root, i.e. that the * fundamental theorem ’ is true for binomial 
equations. We know of course, after § 48 (and our later rigorous accounts 
of the circular and exponential functions), that (3) hets in fact n roots. 

There is, however, some logical interest in finding a proof of the theorem 
independent of the theory of the circular functions. Our argument would 
give such a proof if we already possessed one for the special equation (3); 
and Littlewood, in a note in vol. 16 of the Journal of the London Mathe- 
matical Society f has shown how we can complete this proof by applying 
the ‘ lower bound ’ argument to the special function 


where c = a + /{^) — ^ ^ (4)» 

We know (p. 04, Ex. 14) that any quadratic equation, and in particular 
the equation z* = c, has roots. They are in fact 

± V[4(V(^»’ + 6*) + a}] ± i V[iW(a* + - «}]» 

the signs being like if 6 > 0 and unlike if 6 < 0. Honce, if n = 2'^N^ where 
N is odd, we can, by the solution of v quadratics, reduce the solution of 
(3) to tliat of an equation — d = 0. We may therefore suppose n odd. 
We now argue bis before with the special function (4). There are two 
possibilities: either Zq 0 or Zg = 0. If Zq ^ 0, then 

/(Zo-f f) + =/(2o) + ^iC+*'-» 

where j4i^ 0, so that Jk = 1. Tlie completion of tlie proof then involves 
only the solution of a linear equation. If on the other hand Zq = 0, then 

/W=/(0 = C--c. 

If we give ^ the four values ± p, ± ip, with a small p, then (since n is odd) 
/(O takes the four values 

In other words, if P is the point /(zq) or — c in the Argand diagram, the 
four points represent ing/(z) in the four cases are obtained from P by small 
displacements in eckoh of the four possible directions parallel to the axes. 
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At least on© of these brings P nearer to the origin* and, if ^ has the 
appropriate value, \ f(z) \ < We thus obtain the contradiction 

required to complete the proof. The main ideas of the proof can be found 
in Cauchy’s Exercices de mathhnatiquea^ t. 4, pp. 65-128 (though in a less 
concise and accurate form). There is an account of this proof in ch. 2 of 
Todhunter’s Theory of equations. 

Of the many proofs which have been given of the ‘ fundamental theorem*, 
perhaps the one most satisfactory to an algebraist is ‘Gauss’s second 
proof’ (in one of the simplified forms given by later writers). See Gauss, 
Werke^ vol. iii, pp. 33-66 or Perron, Algebra, vol. i, pp. 268-266. These 
proofs are however much longer. 


EXAMPLES ON APPENDIX II 


1. Show that the number of roots of /(z) = 0 lying within a closed 
contour which does not pass through any root is equal to the increment of 


1 

27Ti 


log/(z) 


when z describes the contour. 


2. Show that if i? is any number such that 


Ifij M , K 

R R* Ro 


then all the roots of z" + + . . . + o„ = 0 are in absolute value less than 

R. In particular show that all the roots of z® — ISz — 7 = 0 are in absolute 
value less than 28^. 

3. Determine the numbers of the roots of the equation z**' + oz -I- 6 = 0, 
where a and b are real and p odd, which have their real parts positive and 
negative. Show that if a > 0, 6 > 0 then the numbers are p—\ and p -f- 1 ; if 
a < 0, 6 > 0 they are p -I- 1 and p — 1 ; and if 6 < 0 they are p and p. Discuss 
the particular cases in which a = 0 or 6 = 0. Verify the results when p = 1. 

[Trace the variation of am (z**' + az-f 6) as z describes the contour 
formed by a large semi -circle whoso centre ia the origin and whose radius 
is R, and the part of the imaginary axis intercepted by the semi-circle.] 

4. Consider similarly the equations 

z*® + az -H 6 = 0, + az -f 6 = 0, -H oz -}- 6 = 0. 

• Leaving the ordinate unaltered and decreasing the absolute value of the 
abscissa, or vice versa. 
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5. Show that if a and P are real then the numbers of the roots of the 
equation + = 0 which have their real parts positive and 

negative axe n — 1 and n+ 1 , or n and n, according as n is odd or even. 

LMath. Trip. 1891) 

0. The points z,, Zj form a triangle in the complex plane, the interior 
of the trieuigle lying to the left of the side from 24 to z^. Show that, when z 
moves along the straight line joining the points z = z^, z = Zj, from a point 
near Zj to a point near Zj, the increment of 


is nearly equal to tt. 


eun 




7. A contour enclosing the three points z = z = z ^ defined 
by parts of the sides of the triangle formed by Zj, Zg, z^y and the parts 
exterior to the triangle of three small circles with their centres at those 
points Show that when z describes the contour the increment of 


is equal to — 27r. 


am 


f.: 


z-z, 




8 . Prove that a closed oval path which surrounds all the roots of a 
cubic equation /(z) = 0 also surrounds those of the derived equation 
/'(z) = 0. [Use the equation 

/I 1 1 \ 

where z^, z^, z, are the roots of /(z) = 0, and the result of Ex, 7.] 

9. Show that the roots of J\z) — 0 ore the foci of the ellipse which 

touches the sides of the triangle their middle points. [For a 

proof see Gesso’s Elemenlares Lehrbuch der algebraischen Analysis , 
p. 352.] 

10. Extend the result of Ex. 8 to equations of any degree. 

11 . If/(z) and <f>{z) are two polynomials in z, 7 is a contour which does 
not pass through any root of /(z), and | ^(z) | < \ f(z) | at all points on y, 
then the numbers of the roots of the equations 

/( 2 ) = 0 , /(z) + ^(z) = 0 

which lie inside y ewe the same. 

12. Show that the equations 

«• = oz, e* = 02 *, e* = 02 *, 

where o>e, have respectively (i) one positive root, (ii) one positive and 
one negative root, emd (iii) one positive and two complex roots within the 
circle |*| = 1 , {Math. Trip, 1910) 


H P M 
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A note on double limit problems 


In Chapten IX and X we came into contact with some special cases of a 
genered problem of groat importance in analysis. 

In §220 we proved that 

log(l -f x) = X — ix* + Jx*- 


where — 1 <x^ 1, by integrating the equation 

1 


1 +/ 


= 1 -/ + /*-... 


between the limits 0 and x. What we proved amounted to this, that 


J Q Jo Jo 


or in other words that the integral of the sum of the infinite series 


taken between the limits 0 and x, is equal to the sum of the integrals of its 
terms taken between the same limits. Another way of exj^reesing this is to 
say that the operations of summation from 0 to cx), and of integration 
firom 0 to X, fiu*e commutative when applied to the function ( — 1)"^, 
i.e. that it does not matter in what order they ore performed on the 
function. 

Again, in §223, we proved that the differential coefficient of the 
exponential function ^ 

expx= l+x-f - ^-1-... 

is itself equal to expx, or that 

dJ^ H-x-I- — + =Z),H-Z).x-t- + ... j 

that is to say that the differential coefficient of the sum of the series is equal 
to the sum of the differential coefficients of its terms ^ or that the operations of 
summation from 0 to oo and of differentiation with respect to x ore com- 
mutative when applied to x”/n 1. 
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Incidentally we proved in the same section that the function exp® is 
a continuous function of x, or in other words that 

/ x* \ £* X* 

lim (1 + ic-f — + ...) = l+g + ^-f-... = lim 1+ lim x+ lim — + 

i,e. that the limit of the sum of the series is equal to the sum of the limits 
of the terms, or that the sum of the series is continuous for ® = or that 
the operations of summation from 0 to oo and of making x tend to f are 
commutative when applied to x^jnl. 

In each of these oases we gave a special proof of the correctness of the 
result. We have not proved any general theorem from which the truth 
of any one of them could be inferred immediately. In Ex. xxxvn. 1 we 
saw that the sum of a finite number of continuous terms is itself con- 
tinuous, and in § 114 that the differential coefficient of the sum of a finite 
number of terms is equal to the sum of their differential coefficients; and 
in § 165 we stated the corresponding theorem for definite integrals. Thus we 
have proved that in certain circumstances the operations symbolised by 

lim..., D^..., I ...dr 

X— ► ^ -a 

are commutative with respect to the operation of summation of a finite 
number of terms. And it is natural to suppose that, in certain circum- 
stances which it should be possible to define precisely, they should be 
commutative also with respect to the operation of summation of on 
infinite number. It is natural to suppose so ; but that is all that we have a 
right to say at present. 

A few further instances of commutative and non -commutative opera- 
tions may help to elucidate those points. 

( 1 ) Multiplication by 2 and multiplication by 3 ore always commutative, 

2x3x®=3x2xr 

for all values of ®. 

(2) The operation of taking the real port of z is never commutative 
with that of multiplication by t, except when z = 0; for 

♦ X R(a:4-ii/) R{i x (r + iy)} = — y. 

(3) The operations of proceeding to the limit zero with each of two 
variables x and y may or may not be commutative when applied to a 
function f(x^y). Thus 

lim { hm [X + y)} = lim ® = 0, lim { lim (* + y )} = y — 0; 

*-►0 v-*-o x-^O x-^0 

33-3 
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lim f lim - — = lira - = lim 1 = 1, 

0 Vj/— ► 0 ^ "i* 2/"^ X— *-0^ x-^0 

lim ( lim ~ - \ = lim — - = lira ( — 1) = — 1, 


(4) The operations S • • •> niay not be commutative. Thus 

1 x-j-i 

if a: ->1 through values less than 1 then 

. 00 / jvn-l ^ 

lim x*y = lim log(l +a;) = log2, 

i-»-i I 1 ^ J a--^i 

.iog2; 

1 lx->l ^ J 1 
but on the other hand 

lim I 2 — ic")l = lim {(1 — a;) + (x — x*)+ ...} = lim 1 = 1, 


x->- 1(1 


x-*-l 




1 ^x-*-l 


S ] lim =2(1- 1) = 0 + 04- 0+ ... = 0. 


The preceding examples suggest that there are three possibilities with 
respect to the commutation of two given op)erations, viz. : (1) the opera- 
tions may always be commutative; (2) they may never be commutative, 
except in very special circumstances; (3) they may be commutative in 
most of the cases which occur commonly in analysis. 

The really important case is (as is suggested by the instances which we 
quoted from Ch. IX) that in which each operation is one which involves 
a passage to the limit, such £is a differentiation or the summation of an 
infinite series: such operations eue called limit operatioyis. The problem of 
deciding whether two given limit operations are commutative is one of 
the most importemt in mathematics ; but to attempt to deal with problems 
of this character by means of genered theorems would carry us far beyond 
the scope of this volume. 

We may however remark that the answer to the general question is on 
the lines suggested by the examples above. If L and U are two limit 
operations then the numbers LUz and L'Lz ore not generally equal, in the 
strict sense of the word ‘general*. We con always, by the exercise of a 
little ingenuity, find t so that LUt and ULa shall differ from one another. 
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But they are equal generally if we use the word in a more ‘practical’ 
sense, viz. as meaning ‘in the great majority of such cases as are likely to 
occ\ir naturally’. In practice, a result obtained by assuming that two 
limit operations ore commutative is probably true ; at any rate it gives a 
valuable suggestion of the answer to the problem under consideration. 
But on answer thus obtained must, in default of a further study of the 
general question, or a special investigation of the particular problem such 
as wc gave in § 220, be regarded as suggested only and not proved. 
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The. infinite in analysis and geometry 

Some, though not all, systems of Emalytical geometry contain ‘infinite* 
elements, the line at infinity, the circular points at infinity, and so on. 
The object of this brief note is to point out that these concepts are in no 
way dependent upon the analytical doctrine of limits. 

In what may be called ‘common Cartesian geometry ’, a point is a pair 
of reed numbers {x^y). A line is the class of points which satisfy a linear 
relation ax + by-\-c = 0 , in which a and 6 are not both zero. Tliere are no 
infinite elements, and two lines may have no point in common. 

In a system of real homogeneous geometry a point is a class of triads of 
reed numbers {x,y,z)f not all zero, triads being classed together when their 
constituents are proportional. A line is a class of points which satisfy a 
linear relation cw; -I- 61/ + C2 = 0 , where a, 6, c are not all zero. In some 
systems one point or line is on exactly the same footing as another. In 
others certain ‘special’ points and lines are regarded as p>eculiarly dis- 
tinguishod, and it is on the relations of other elements to these special 
elements that empheisia is laid. Thus, in what may be called ‘real homo- 
geneous Cartesian geometry *, those points are special for which z = 0 , euid 
there is one special line, viz. the lino 2 = 0 . This special line is called ‘ the 
line at infinity*. 

This is not a treatise on geometry, and there is no occasion to develop 
the matter in detail. The point of importance is this. The infinite of 
analysis is a ‘limiting’ and not on ‘actual* infinite. The symbol ‘ od* has, 
throughout this book, been regarded as an ‘incomplete symbol a symbol 
to which no independent meaning has been attached, though one has been 
attached to certain phrases containing it. But the infinite of geometry is 
an actual and not a limiting infinite. The ‘line at infinity* is a line in 
precisely the same sense in which other lines ore lines. 

It is possible to set up a correlation between ‘homogeneous* and ‘com- 
mon’ Cartesian geometry in wliich all elements of the first system, the 
special elements excepted, have correlates in the second. The line 

ax + ^2/ -I- cz = 0 , 

for example, corresponds to the line 

ox + + c = 0. 
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Every point of the first line has a correlate on the second, except one, viz. 
the point for which z = 0. When (x, 2 /,z) varies on the first line, in such a 
manner as to tend in the limit to the special point for which z = 0, the 
corresponding point on the second line varies so that its distance from 
the origin tends to infinity. This correlation is historically important, since 
it is from it that the vocabulary of the subject has been derived, and it is 
often useful for purposes of illustration. It is however no more than an 
illustration, and no rational account of the geometrical infinite can be 
based upon it. The confusion about these matters so prevalent among 
students arises from the fact that, in the commonly used text-books of 
analytical geometry, the illustration is sometimes taken for the reality. 

Readers interested in the relations between analysis and geometry 
may consult 

D. Ililbert, Grundlagen der Geometric (English translation Foundations 
of geometry, Chicago, 1938); 

C. W. O’Hara and D. R. Ward, An introduction to projective geometry, 
Oxford, 1937; 

G. de B. Robinson, The foundations of geometry , Toronto, 1940; 

O. Veblen and J. W. Young, Projective geometry, vol. 1, New York, 
1910; 

and an article by the author ‘What is geometry?’ in the Mathematical 
Gazette, vol. 12, 1925, pp. 309 310. 
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279, 285 eX aeq., 305; partial, 300, 303; 
repeated, 228, 275, 412; rules for, 216; 
of standard forms, 214, 220 
Dirichlet’s test of convergence, 379, 380, 
381 ; theorem on the rearrangement of 
series, 347, 374, 376, 382, 386 
Disoon tinuity of a function, 188 


Divergence of infinite integrals, 357 et 
aeq.; of sequences, 147, 160; of series, 
146, 160, 341 et aeq., 417 
Division of real numbers, 19 
Double limit, 498 

«, 142, 405, 410, 423 
Elliptic function, 67 
Equation, 166 

Equations, approximation to roots, 288; 
cubic, 95, 222, 277 ; graphical solution 
of, 60, 67, 68; linear, 94; multiple 
roots of, 221, 277; quadratic, 20, 60, 
84, 94; theory of, 7, 24, 38, 85, 91, 492 
Eucud, 6 , 126, 312 

Euclidean construction for irrational 
numbers, 21, 68; of regular polygons, 
103 

Euler, 387 

Euler’s constant, 420, 440; theorem on 
homogeneous functions, 334 
Expansion of rational functions, 170 
Exponential function, 406 eX aeq., 431, 
456-60; functional equation of, 407-8, 
457; order of magnitude, 407, 412, 
423, 440; power series for, 422, 468; 
representation as a limit, 410, 474 
Extremal, 235 

Field of definition of a function, 110 
Fourier’s integrals, 318 
Fowler, 297, 299 

Function of a complex variable, 447 
eX aeq. 

Function of a positive integral variable, 
110 cX aeq.; limit of, 119-26, 129^5, 
160-4; limits of indetermination, 166; 
oscillating, 126, 131, 133; steadily 
increasing and decreasing, 136 
Function of a real variable, 40 eX aeq.; 
complex, 100, 218, 331; graphical 
representation of, 43, 100; odd and 
oven, 67; periodic, 67 
Function of several real variables, 61 el 
aeq.; continuous, 201,494; dependent 
and independent, 336; differentiation 
of, 300 et aeq.; graphical representa- 
tion of, 61 ; homogeneous, 334 
Function of a continuous real variable^ 
172 eX aeq . ; bounds of, 193 ; continuous, 
185-96. 196, 200, 213; discontinuity 
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Function {cont.) 

of, 188; limit of, 172-83, 293-6; limiti 
of indetcrmination, 178; oscillation 
of^ 195-201; representation by means 
of limits, 163, 169; eemi-continuouB, 
209 ; steadily increasing and de- 
creasing, 176, 178, 189, 208, 233, 243 
Function, algebraic {see Algebraic func- 
tions); implicit, 63, 203, 225, 310; 
inverse, 205, 218; rational {see Ra- 
tional functions); transcendental, 66, 
225, 204, For other special functions, 
see under separate headings 
Function of a function, one variable, 
217, 227, 247; several variables, 309 
Functional determinant, 335 
Fundamental theorem of algebra, 85, 
492; of the integral calculus, 322 

Gamma function, 68, 112 
Gauss, 7, 104, 490 

General principle of convergence, 168, 
162, 178, 367, 374, 380 
Geometric mean, 33, 34, 487 ; series, 149, 
163 

Gibbs, Willabd, 78 
Gibson, 323 
Goubsat, 253, 335 
Graph of a function, 44, 61 
Graphical representation of functions, 
43, 01, 100; of a surface on a plane, 04 
Graphical solution of equations, 60, 67, 
68 

Gbsenhill, 262 
O’Haea, 503 

Habdy, G. 11., 33, 35, 91, 168, 264, 266, 
262, 280, 284, 350, 399, 404, 503 
Hajulness, 89 

Harmonic systems of points, 99, 106 
Heine- Borel theorem, 196-200 
Hxlbebt, 603 

Hobson, 26, 70, 147, 213, 386, 416 
Holder’s inequality, 487, 489 
Homogeneous fimctions, 334 
Hudson, H, P., 104 
H3rperbolio functions, 416, 423, 463 
Hypergeometrio series, 355 

Imaginary numbers, 84, 87; points, 106; 
straight lines, 106 


Implicit functions, 53, 203, 225, 310 
Indehnite integral, 315 
Independent functions, 335; variable, 
43, 61 

Inequalities, arithmetic and geometric 
means, 33, 34, 487 ; between real 
numbers, 16; Cauchy’s, 34, 340, 490; 
Holder’s, 487, 489; Minkowski’s, 91, 
487, 490; miscellaneous, 19, 34, 89, 
91, 92, 143, 277, 280, 323, 324, 331, 
400, 469; Schwarz’s, 340; Tcheby- 
chefF’s, 491 

Infinite integrals of the first kind, 
356-04, 388-90, 394, 420, 445; of the 
second kind, 364-71, 395, 420, 446 
Infinity, 3, 15, 116, 602 
Inouam, 171 

Integral, 247 ei seqr, curvilinear, 448; 
definite {see Definite integral); in- 
definite, 315; infinite {see Infinite 
integral) 

Integrand, 315 

Integration, 245 el seq.; definite {see 
Definite integration); by parte, 258; 
by rationalisation, 254, 259, 263; by 
reduction formulae, 282; of standard 
forms, 247 ti seq., 413, 416; by sub- 
stitution, 254, 259, 263, 265 
Interpolation, 111 

Intervals, 30 ; abutting and overlapping, 
197 ; closed, half-closed, and open, 231 
Inverse circular functions, 65, 208, 226, 
267, 420, 434, 466, 473 
Inverse functions, 205, 218 
Inverse hyperbolic functions, 415 
Irrational numbers, 3-14, 20-4, 35-8, 
68, 150 

Jackson, J., 350 
Jocobians, 335 

Klein, 22, 104 

Lagrange’s remainder form, 291, 328, 
332 

Lambebt, 70 
Legendre function, 68 
Leibniz’s theorem, 229, 275 
Length of a segment, 2, 4; of a plane 
curve, 270, 273 
Level curves, 484 
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Limit of funotiona of a oontInuouB real 
variable, 172-83, 293-6; of functions 
of a positive integral variable, 119-26, 
129-45, 160^; Euler’s, 420; of in- 
determination, 166, 178; of a mean 
value, 167; of rational functions, 135, 
179, 181, 208; of x", 2 ", 139, 102, 163; 

of ^'/i, 

141, 142; of (|^1 +^J, 142, 160, 410, 
474; of 7i(^x-l), 144, 411; of 

X 


iO-, , AOl 

X ~a 

Line, straight, 2, 24, 44, 64 
Linear equation, 94 

Littlbwood, 35, 91, 130, 158, 280, 495 
Locus, 44, 61, 63 

Logarithmic function, 248, 316, 399 ei 
seq.^ 431, 448, 449 ei aeq.; connection 
with inverse circuhir functions, 466; 
functional equation of, 401, 454; 
integration of, 267 ; order of magnitude 
of, 402, 403; principal value of, 452; 
representation by a limit, 145, 411 
Logarithmic series, 385, 425, 471, 474 
Logarithmic tests of convergence, 417 
Logarithms, common, 412; to any base, 
461 

Love, 469 


Maclaurin’s integral test, 350, 351, 357; 

series, 291, 292, 382 
Magniheation, 97 

Maxima and minima, one variable, 234, 
293; several variables, 311 
Mean value theorem of the differential 
calculus, 242, 279; Cauchy’s form, 
244; of second order, 285; general, 
286 ei aeq.; several variables, 305 
Mean value theorems of the integral 
calculus, first, 321 ; second, 326, 326 
Means, arithmetic and geometric, 33, 34, 
487 

Mercator’s projection, 482 
Minkowski’s inequality, 91, 487, 490 
Modulus, 17, 87 

de Moivre’s theorem, 88, 89, 100, 104, 

459 


Morley, F., 89, 104 
Moeley, F. V., 104 

Multiplication of real numbers, 19; of 
series, 347, 386, 388, 394 

Napier, 444 
Neighbourhood, 203 
Nkvlllb, 484 
Newton, 288 

Normal to a curve, 214, 228 
Number, algebraic, 38; complex, 72 et 
seq.; imaginary, 84, 87; irrational, 
3-14, 20-4, 35-8, 68, 150; rational, 
1, 6, 14; real, 14 etaeq.; transcendental, 
38, 70 

o-notation, 164, 183 
0-notation, 164, 183 
Operations with complex numbers, 80, 
83; with real numbers, 17 
Orders of greatness and smallness, 183, 
402 

Ordinate, 44 

Origin of coordinates, 44, 61 
Oscillating functions, 126, 131, 133 
Oscillation of a function, 195-201; of 
sin nOn, 125, 127, 128, 158 

Partial differentiation, 300, 303 
Path of integration, 449 
Periodic functions, 67 
Perron, 496 
Plane, 61 

Point, 2, 44, 87; of accumulation, 30; 

of inOexioii, 298; rational, 3 
Polar coordinates, 45, 273, 301 
P6lya, 35, 91, 280 

Polynomials, 46, 49; binomial form of, 
220; differentiation of, 220; integra- 
tion of, 249; limits and continuity of, 
179, 187, 206 
Power (a®, a*), 409, 457 
Power series, 382; of arc tan z, 426, 473; 
of cos X and sin i, 292, 469; of cosh x 
and sinh x, 423 ; of e®, 422, 468 ; of 
log { 1 + 1), 425, 47 1 ; uniqueness of, 380. 
(See aUo Taylor’s series and Mao- 
laurin’s series) 

Principal value of the amplitude of 2 , 
87, 88; of Log z, 462; of a power, 102, 
459 
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Pringshelm’B theorem, 360 
Ptolemy’s theorem, 106 

Quadratic equation, 20, 60, 84, 94 
Quadratic surds, 20^ 

Quadrature of the circle, 70 

Radius of convergence, 384; of curva- 
ture, 299, 334 
Ramanujan, 70 

Ratio tests of convergence, 343, 344, 
355, 421 

Rational functions, 49, 90; differentia- 
tion of, 223; expansion of, 170; 
integration of, 250; limits and con- 
tinuity of, 135, 179, 181, 187, 206; 
maxima and minima of, 238 
Rational numbers, 1,6, 14 
Real numbers, 14 et seq. 

Recurring series, 392 
Richmond, 104 
Robinson, G!. de B,, 603 
Rolle’s theorem, 222, 232 
Roots of complex numbers, 101 
liotation, 97 
Ruled surfaces, 66 
Russell, Bertrand, 15 

Scales of infinity, 403, 408, 440 
Schwarz’s inequality, 340 
Section of the rational numbers, 11; of 
the real numbers, 28 
Segment, 2 

Semi-continuous fimctions, 209 
Sequences {see Functions of a positive 
integral variable) 

Series, 145-53, 159-64, 341-56, 371-88; 
absolute convergence of, 373, 382, 
383, 384; alternating, 376; conditional 
convergence of, 375; convergence and 
divergence of, 146, 160, 341 et scq.^ 
417-22; Maclaurin’s {see also Power 
series), 291, 292, 382; multiplication 
of, 347, 386, 388, 394; power {see 
Power series); rearrangement of 
terms, 347, 374, 378, 382; recurring, 
392; Taylor’s {see also Power series), 
291, 292, 382; Xu, cos nO, sin yiO, 
164, 374, 380, 381, 472-6, 485; Xn-, 
346, 346, 350, 352. For other special 
Beries, see under separate headings 


Set, 30 

Simpson’s rule, 328 
Sphere, 61 

Stereographio projection, 482 
Stolz, 262 

Straight line, 2, 24, 44, 64 
Subtraction of real numbers, 18 
Surd, 25, 35-8, 70, 430; quadratic, 
20-4 

Surface, 63; representation on a plane, 
64; of revolution, 65; ruled, 66 

Tangent to a curve, 210, 214, 228, 298 
Taylor’s series, 291, 292, 382 
Taylor’s theorem, 286, 288, 289, 293, 
327, 422; application to maxima and 
minima, 293; application to calcula- 
tion of limits, 293; application to 
contact of curves, 296 
Tchebycheff’s inequality, 491 
Todhunter, 496 

Total differential coefficient, theorem 
of. 302, 308 

Transcendental functions, 65, 225, 264; 
numbers, 38, 70 

Transformations (see also Bilinear trans- 
formations), 97, 100, 108, 109, 480-3 
Translation, 97 

Triangle, properties of, 92, 104, 106, 
309 

Trigonometrical functions {see Circular 
functions) 

Trigonometrical series, 1G4, 374, 380, 
381, 472-5, 485 

DE LA VALLilE PoussiN, 297, 307 
Van der Waals’ Law, 42 
Variable, complex, 87; continuous, 27; 
dependent and independent, 43, 61 ; 
positive integral, 27 
Veblen, 503 

Ward, D. R., 503 
Watson, 434 

Weierstross’s theorem, 31, 138 
Whittaker, E. T., 434 
Wriqht, 33 

Young, J. W., 503 
Young, W. H., 307 
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